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General Introduction
In science and technology, often, one major breakthrough can revolutionize an en-
tire field. An example is the discovery of transistor in 1948, which enabled the devel-
opment of microelectronics and computation, by the miniaturization of the electronic
components. If the 20th century was the age of electronics, the 21st century may be
the age of photonics [1]. The large-scale integration and miniaturization of photonic
components may have a comparable impact in this century. Integrated optical devices
are still quite large1 when compared with electronic components2, the latter being
much closer to the fundamental diffraction limit of their elementary particle. This
happens because the materials used to confine light have a low index contrast with
respect to the cladding, which increases the mode area.
In recent years, photonics has developed a preeminent importance in areas rang-
ing from practical applications in telecommunication and information processing [4]
to development of quantum technologies [5]. While the efficiency of these devices
increases, their dimensions decrease, leading to highly integrable devices, manufac-
turable at lower and lower cost [6]. The progress of enabling nanotechnologies that
allow to produce small components with the necessary precision has been, with no
doubt, a crucial catalyst in the development of small footprint devices.
Silicon is the principal material used in electronics. Due to the high compatibility
with the Complementary Metal-Oxide-Semiconductor (CMOS) technology, the Silicon
(Si) and particularly Silicon on Insulator (SOI) platforms have been widely used in
telecommunications, quantum optics and photonic circuits [7]. The high refractive in-
dex contrast of Si with respect to silica or air, allows the decrease of the mode size to
about 0.1 µm2, comparable to very-large-scale integration electronics, when consider-
ing the wavelength size of the corresponding fundamental particle [8]. Unfortunately,
due to its indirect gap, Si is a poor emitter of light, and its centro-symmetric crystal
structure makes it impossible to observe of second-order nonlinear optical effects.
A good alternative to Si are the III-IV semiconductors, and their hybridization
with Si and CMOS technology [9]. They present numerous advantages, such as low
losses, broad transparency window, and an engineered direct band gap, which allows
for the fabrication of monolithic laser sources. A promising candidate is aluminum
1Cross sections up to 10 µm2 for LiNbO3 and KTP waveguides [2]
2The electronic component’s dimensions are in the order of a few nanometers [3]
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gallium arsenide (AlGaAs), with a refractive index similar to Si, direct bandgap3 and
wide transparency range (Table .1). AlGaAs microresonators allowed the observations
of second-order nonlinear optical effects [11], including the generation of entangled
photons [12]. AlGaAs waveguides have achieved important advances in tunable sources
[13] and quantum optics and information [14].
Within the field of photonics, one important role is played by nonlinear optics,
which deals with phenomena stemming from the interaction between almost any ma-
terial and an intense light4. Normally, only lasers can provide light with a sufficient
intensity to excite a nonlinear optical response. The birth of nonlinear optics is con-
sidered to be marked by the first measurement of Second Harmonic Generation (SHG)
in a quartz crystal in 1961 [16]. It is no coincidence that this discovery came shortly
after the demonstration of the first laser in 1960 [17]. The subsequent demonstration
of the first laser diodes [18,19] and the development of optical fibers [20], following the
theoretical and experimental studies done by C. K. Kao in 1966 [21], paved the way
for the development of photonics as a research field, which comprises the application
of linear and nonlinear optics and quantum optics to technology, optoelectronics and
quantum electronics.
In linear optics, for an ideal non-dispersive medium with instantaneous response,
the electric dipole moment per unit volume, or the polarization P (t), has a linear
dependence on the electric field E(t). In nonlinear optics, the optical response is de-
scribed by a Taylor series expansion of P (t) in terms of E(t), P (t) ∝ aE(t) + bE2(t) +
cE3(t) + ..., as it will be elucidated in chapter I. The quadratic term is responsible for
three-wave-mixing processes like SHG, Difference Frequency Generation (DFG) and
Spontaneous Parametric Down Conversion (SPDC), while the cubic term is responsible
for phenomena such as Four Wave Mixing (FWM). SPDC, as it allows the generation
of entangled pairs of photons, is a very useful tool in quantum photonics, which is at
the heart of quantum information technologies like quantum cryptography, quantum
computing and quantum metrology [22]. Quantum information is both a fundamen-
tal science and progenitor of new future technologies, as 3400 scientists testified in
2016 when they signed the Quantum Manifesto [23], released in the Quantum Europe
Conference of the same year.
In this thesis, I studied the properties of monolithic high-index-contrast semi-
conductor devices for nonlinear optics, namely AlGaAs waveguides and Whisper-
ing Gallery Mode (WGM) cavities, either suspended or sitting on Aluminum Oxide
(AlOx). By focusing on SHG, with a preliminary exploration of FWM, my aim was to
understand if a monolithic AlGaAs platform can answer to the challenges of the 21st
century photonics or if we will need to find other hybrid solutions.
3AlxGa1-xAs has a direct band gap for x ≤ 0.45 [10]
4Typically in the order of 1010 − 1011 V/m [15]
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Nonlinear optical materials
In regards to second-order nonlinear optics, in the telecom operating range, from
1260 nm to 1625 nm, the materials that are used more often are potassium titanyl
phosphate, KTiOPO4 (KTP) [24] and lithium niobate (LiNbO3) [25]. Second-order op-
tical effects were also demonstrated in gallium arsenide (GaAs) [26], gallium phosphide
(GaP) [27], gallium indium phosphide (Ga0.5In0.5P) [28] and zinc selenide (ZnSe) [29].
The characteristics of these materials are summarized in Table .1.
Material Transparencywindow (µm) n @ 1064 nm dijk (pm/V) kth (W/mK)
LiNbO3 0.4 - 5 2.2 25 5.6
KTP 0.4 - 4.5 1.8 15 13
GaAs 0.9 - 17 3.5 170 55
GaP 0.6 - 11 3.1 71 110
Ga0.5In0.5P 0.7 - 25 3.2 114 5.2
ZnSe 0.5 - 20 2.5 30 18
Table .1: Properties of nonlinear materials used for second-order nonlinear optics: transparency
window [30–32], refractive index [33, 34], highest second-order coefficient at 1064 nm [35] (values at
different wavelengths can be obtained using Miller’s rule [36]) and thermal conductivities [34].
In third-order nonlinear optics, Si is often employed, including crystalline and
amorphous Si [37–39], and third other nonlinear optical phenomena have also been
observed in silica - or Silicon Dioxide (SiO2) - [40], Silicon Nitride (Si3N4), [41], Dia-
mond [42] and lately in AlGaAs [43]. Their characteristics are summarized in Table
.2.
Material Transparencywindow (µm) n @ 1500 nm
n2
(10−20m2/W) kth (W/mK)
c-Si 1.2 - 15 3.5 175 152
a-Si 1.2 - 15 3.5 700 2.7
Silica 0.18 - 2.2 1.4 2.2 1.4
Si3N4 1.1 - 9 2.0 25 30
Diamond 0.23 - >100 2.4 8.2 1000
Al0.17Ga0.83As
0.76 - 17 3.3 2600 98
Table .2: Properties of nonlinear materials used for third-order nonlinear optics: transparency window
[10, 44–47], refractive index, nonlinear refractive index [39–43, 48], and thermal conductivity [47, 49–
52].
Our objective is to go towards device integration. For that we need to choose a
material that is suitable for this purpose. Although materials like KTP and LiNbO3
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have been widely employed for guided second-order χ(2) effects in the near infrared, the
related waveguides have a small refractive index step between the core and the sub-
strate, leading to weak photon confinement and large cross sections [53]. Integrability
requires a material with a high refractive index of the guiding structure, compared to
the surrounding cladding - or high-refractive-index contrast integrated devices. Several
types of these devices for nonlinear optics have been demonstrated recently, either by
waveguides [54,55], nanoantennas [56] and WGM resonators [11,26,43], which consist
of semiconductor nanostructures with air or a low-index oxide as a cladding material.
Such material also needs to be transparent at the operational wavelengths, and semi-
conductors can have a wide transparency range. Another important feature is high
thermal conductivity, which allows a device exposed to intense light to dissipate the
heat, preventing it to attain elevated temperatures that would change the properties
of the material and damage the functionality of the device.
Concerning the nonlinear properties, the larger the nonlinear susceptibilities (χ(2)
or χ(3)), the more effective the nonlinear phenomena. Therefore, it is in our interest to
choose a material that has either a large nonlinear coefficient dijk = χ(2)ijk/2 for second-
order nonlinear processes or a high nonlinear refractive index n2 = 3/(4n200c)Re{χ(3)}
for third-order processes. Specifically for the χ(2) phenomena we need a crystal with
non-zero dijk i.e., a crystal with no inversion symmetry.
Observing the parameters of both Tables .1 and .2, for both χ(2) or χ(3) nonlinear
effects, it is clear that the (Al)GaAs is a serious candidate platform for nonlinear
integrated photonics.
The remaining part of this introduction, contains a quick reminder of the sole
nonlinear processes that will be mentioned in the course of the dissertation: SHG and
FWM. Both of them will be described more in dept in the next chapter.
Second Harmonic Generation
In my thesis, the main nonlinear interaction dealt with is SHG, which is a particular
case of three-wave-mixing. Not only SHG is the easiest interaction to measure, but
also its phase matching conditions are the same for SPDC. The latter is a practical tool
for the generation of entangled photon pairs and is thus crucial for quantum photonics.
While three-wave mixing involves three photons with frequencies ω1, ω2 and ω3, in
SHG, ω1 = ω2 = ω, and ω3 = 2ω, and the two photons of frequency ω give origin to
the third photon of frequency 2ω. Due to chromatic dispersion, when two waves of
different frequencies propagate in a medium, if they are in phase at one point, they
will be out of phase in another point of the medium. In the former case, the waves
interact constructively, and in the latter destructively. To overcome this issue, phase
matching techniques need to be employed.
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SHG in waveguides
An optical waveguide is a structure that is capable of guiding light by confining it
in one or two transverse dimensions.
A common method to compensate the dispersion of guided waves at two different
frequencies relies on the natural birefringence of a material, such as LiNbO3 [57, 58],
where perpendicularly polarized fields see two different refractive indices. This is not
achievable with AlGaAs, since it is optically isotropic. Nevertheless, form-birefringence
can occur in a layered material of different components, like (Al)GaAs and AlOx
[59–61]. The perpendicularly polarized waves, in this case, have different interface
continuity conditions. This method was first applied to nonlinear waveguides in 1997
[62] after the discovery in 1990 of the wet oxidation process of aluminum arsenide
(AlAs) [63].
Another technique, modal phase matching, uses the effective indices of two different
guided modes to compensate for the dispersion [64,65].
Finally, one can employ QPM, in which the nonlinear optical properties of the ma-
terial are periodically modulated along propagation by physically inverting its crystal
structure. As was mentioned before, when two waves of different frequencies propagate
in the same waveguide, they periodically get in and out of phase. The SH generated
wave increases when it is in phase with the pump wave, while it decreases when they
are out of phase. If one inverts the sign of χ(2) every time that the FF and SH waves
are dephased by pi, QPM occurs, as we will develop further in chapter I. For a long
time, ferro-electric LiNbO3 and KTP were the only materials where this technique
was used, resulting in highly efficient SHG [66] (150 W−1cm−2) as well as photon pair
generation [67]. In AlGaAs waveguides, QPM was firstly implemented in 1995 us-
ing wafer bonding [68]. The first orientation-patterned GaAs crystals were developed
in 2001 based on selective heteroepitaxy of germanium (Ge) on GaAs to control the
crystal orientation of MBE-regrown GaAs. SHG was demonstrated in 2007 [69] in
this kind of waveguide. During this thesis, I observed QPM in homogeneous AlGaAs
snake-shaped waveguides by using a particular symmetry of the AlGaAs in which,
turning the crystal by 90◦ leads to an effective χ(2) inversion [70], after its theoretical
prediction by [71]. For that, the waveguide is composed of cascaded half circles that
will make the light change its direction by 90◦ every quarter of a circle, leading to
a modulation of the effective nonlinearity along the propagation in the waveguide.
Broadly speaking, this is reminiscent of a technique called Fresnel phase matching,
predicted in 1962 [72], in which both SH and fundamental waves undergo multiple
total internal reflections along a crystal waveguide. At each reflection, FF and SH
photons undergo a wavelength-dependent phase shift, compensating for the chromatic
dispersion between FF and SH. A more accurate theory also takes into account the
change the effective nonlinearity, deff after each reflection [73].
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SHG in Whispering Gallery Mode resonators
Whispering-gallery waves can travel resonantly in a circular path. They were
discovered as sound waves in the whispering gallery of St Paul’s Cathedral in 1878
by Lord Rayleigh [74], where a whisper at any point in this gallery could be heard at
any other point of it, and whose sound intensity decayed only as the inverse of the
distance, instead of with the inverse of the square of the distance, as it would be in
the case of a point source.
A few decades ago, this type of wave was demonstrated in WGM optical microcavi-
ties, where the light travels along the bent material-air interface by quasi total internal
reflection. The light waves in the closed round trip resonate at certain frequencies and
a number of modes are formed. Part of the light in the cavities is scattered or ab-
sorbed in the material, leading to a loss of energy. This kind of cavities are one of
the best performing in terms of spatial confinement and decay times, being able to
reach high quality factors (Qs) near 1010, a record observed in fused silica micro-
spheres [75,76] and more recently more than 108 in Si microtoroids [77] and 6× 106 in
GaAs microdisks [78]. They can be integrated on a photonic chip and used in various
applications such as quantum-dot lasers [79], optomechanics [78], nanosensing [80] or
quantum optics [81].
Phase matching in (Al)GaAs WGM resonators uses the same principle as was
mentioned above for the snake-shaped waveguides, having a bigger potential for highly
efficient frequency conversion, since it can store more energy inside a small volume,
increasing the probability of three-photon interaction within their cavity lifetime. SHG
was recently demonstrated in GaAs [26] and AlGaAs [11] microdisks, by using this
principle.
Four Wave Mixing in microring resonators
FWM is a χ(3) optical process that involves the interaction between four different
waves and occurs when e.g. three photons of frequencies ω1, ω2 and ω3 give origin
another photon of frequency ω4. In partially degenerate FWM, two photons of the
same frequency ω1 = ω2 give origin to two other photons of frequencies ω3 and ω4.
FWM allows several processes as optical phase conjugation, parametric amplification,
supercontinuum generation and frequency comb generation.
Frequency combs are optical spectra made of equidistant frequency lines and are
used in applications like metrology, spectroscopy and sensing. They allow high pre-
cision measurements, a vital point in physics since small differences between theory
and experiment have led to important advances in the history of physics [82]. That is
why of Theodor W. Hansch and John L. Hall were awarded with the Nobel Prize in
Physics in 2005 [82,83].
FWM was observed for the first time in optical fibers [84], soon followed by FWM-
based optical parametric amplification (OPA) in fibers [85], where the confinement over
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long distances compensates for the low χ(3) of silica. Later, it was also demonstrated
in silica [86], Si [87] and AlGaAs [88] waveguides, as well as in the SOI platform [55],
the latter being used for optical parametric oscillation (OPO).
Kerr frequency comb generation was demonstrated for the first time on chip using
silica microtoroids [89], and then in on other platforms such as Si3N4 [90], Diamond
[42], Silicon [91] and AlGaAs microring resonators [43].
Outline
The rest of this manuscript is organized as follows:
• In Chapter I, the basic principles of nonlinear optics are reviewed, with a par-
ticular focus on SHG, in WGM disk resonators and waveguides, and FWM in
microrings. A description of the WGM coupled mode theory is also provided,
for both the nonlinear process and the coupling between a WGM resonator and
a waveguide.
• Chapter II describes my design, fabrication and characterization work on nonlin-
ear WGM suspended AlGaAs microdisks on a GaAs pedestal. SHG was observed
on these devices with a pump in the telecom C-band.
• Chapter III is dedicated to SHG use directionally induced QPM in suspended
snake-shaped AlGaAs waveguide, from the design, to fabrication and measure-
ments. I observed a splitting of the SHG spectral efficiency with respect to a
straight waveguide of the same transverse dimensions.
• Chapter IV is dedicated to my design, fabrication and linear characterization of
AlGaAs-on-AlOx microrings to FWM frequency combs.
• In the Conclusion, I summarize my main results and I provide a personal per-
spective on future research in this domain.
• In Appendix A, a detailed derivation of the SHG conversion efficiency is given in
four different cases: constant deff and absence of loss; periodic deff and absence
of loss; constant deff and presence of loss; periodic deff with losses.
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I – Nonlinear Optical Processes
I.1 Introduction
The purpose of this chapter is to review the nonlinear optical processes that are
dealt with in this dissertation. To start, I will go through the fundamentals of second
and third-order nonlinear optics and then I will focus on nonlinear integrated devices
based on such processes: firstly, I will give a theoretical description of waveguides for
SHG; secondly, I will review the properties of WGMmicrocavities and their application
to SHG and FWM.
I.2 Elements of Nonlinear Optics
When light interacts with a dielectric material, its electrons are displaced around
their equilibrium position, at the bottom of their potential well, leading to induced
electric dipole moments in the material. If the intensity of the incident light is weak
enough, as it is in most of the cases, the movement of the electron can be explained
as the one inside of a parabolic potential, making the electrons oscillate harmonically,
around its equilibrium, and creating a polarization density ~P that oscillates with same
frequency as the incident electromagnetic field ~E,
~P (~r, t) = 0χ(1) ~E(~r, t), (I.1)
where 0 is the free-space permittivity and χ(1) the linear electric susceptibility. While
this only applies to an ideal non-dispersive medium with instantaneous response, sim-
ilar expressions can be written in the frequency domain for sinusoidal fields.
However, in real materials, the electrons lie at the bottom of an anharmonic poten-
tial (see Figure I.1a), whose shape depends on the crystallographic atomic positions
and bonds inside the material. When the intensity of the light increases, the electron
motion inside this potential is anharmonic, and the polarization density has other
frequency components than the input field. In the case of a typical optical medium
- local, homogeneous, with no free carriers and transparent, the polarization density
can be expanded in a power series,
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FIGURE 1.4.1 Potential energy function for a noncentrosymmetric medium.
Here the first term corresponds to a harmonic potential and the second term
corresponds to an anharmonic correction term, as illustrated in Fig. 1.4.1.
This model corresponds to the physical situation of electrons in real mate-
rials, because the actual potential well that the atomic electron feels is not
perfectly parabolic. The present model can describe only noncentrosymmet-
ric media because we have assumed that the potential energy function U(x˜)
of Eq. (1.4.3) contains both even and odd powers of x˜; for a centrosymmetric
medium only even powers of x˜ could appear, because the potential function
U(x˜) must possess the symmetry U(x˜) = U(−x˜). For simplicity, we have
written Eq. (1.4.1) in the scalar-field approximation; note that we cannot treat
the tensor nature of the nonlinear susceptibility without making explicit as-
sumptions regarding the symmetry properties of the material.
We assume that the applied optical field is of the form
E˜(t) = E1e−iω1t + E2e−iω2t + c.c. (1.4.4)
No general solution to Eq. (1.4.1) for an applied field of the form (1.4.4) is
known. However, if the applied field is sufficiently weak, the nonlinear term
ax˜2 will be much smaller than the linear term ω20x˜ for any displacement x˜
that can be induced by the field. Under this circumstance, Eq. (1.4.1) can be
solved by means of a perturbation expansion. We use a procedure analogous
to that of Rayleigh–Schrödinger perturbation theory in quantum mechanics.
We replace E˜(t) in Eq. (1.4.1) by λE˜(t), where λ is a parameter that ranges
continuously between zero and one and that will be set equal to one at the end
of the calculation. The expansion parameter λ thus characterizes the strength
of the perturbation. Equation (1.4.1) then becomes
¨˜x + 2γ ˙˜x + ω20x˜ + ax˜2 = −λeE˜(t)/m. (1.4.5)
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FIGURE 1.4.2 Potential energy function for a centrosymmetric medium.
(as well as being centrosymmetric). Examples of such materials are glasses
and liquids. In such a case, we can take the restoring force to have the form
F˜restoring = −mω20 r˜ + mb(r˜ · r˜)r˜. (1.4.35)
The second contribution to the restoring force must have the form shown be-
cause it is the only form that is third-order in the displacement r˜ and is di-
rected in the r˜ direction, which is the only possible direction for an isotropic
medium.
The equation of motion for the electron displacement from equilibrium is
thus
¨˜r + 2γ ˙˜r + ω20 r˜ − b(r˜ · r˜)r˜ = −eE˜(t)/m. (1.4.36)
We assume that the applied field is given by
E˜(t) = E1e−iω1t + E2e−iω2t + E3e−iω3t + c.c.; (1.4.37)
we allow the field to have three distinct frequency components because this is
the most general possibility for a third-order interaction. However, the algebra
becomes very tedious if all three terms are written explicitly, and hence we
express the applied field as
E˜(t) =
∑
n
E(ωn)e−iωnt . (1.4.38)
The method of solution is analogous to that used above for a noncentrosym-
metric medium. We replace E˜(t) in Eq. (1.4.36) by λE˜(t), where λ is a pa-
rameter that characterizes the strength of the perturbation and that is set equal
to unity at the end of the calculation. We seek a solution to Eq. (1.4.36) having
a) b)
Figure I.1: Potential energy of a a) noncentrosymmetric medium and a b) centrosymmetric medium
(Source: [15]).
~P (~r, t) =
~PL︷ ︸︸ ︷
0χ
(1) · ~E(~r, t)︸ ︷︷ ︸
~P (1)
+
~PNL︷ ︸︸ ︷
0χ
(2) : ~E2(~r, t)︸ ︷︷ ︸
~P (2)
+ 0χ(3)
... ~E3(~r, t)︸ ︷︷ ︸
~P (3)
+ · · ·, (I.2)
where χ(2) and χ(3) are the second and third-order nonlinear susceptibilities, respec-
tively, and P (2) and P (3) the second and third-order polarizations1. The first term
of Eq. (I.2) corresponds to the linear component ~PL and the remaining terms to the
nonlinear polarization ~PNL. If the potential where th el ctron is placed is centro ym-
m tri ( ee Figure I.1b) ll the terms of χ(n) with even are zero, since they correspond
to an anti-symmetric response.
In the sections hereafter we assume that the electric field in Eq. (I.2) is given by
the sum of the different frequency components interacting in the material,
~E(~r, t) =
∑
n
~En(~r, t) =
1
2
∑
n
{
An(~r, ωn)ei(ωnt−
~kn·~r) + c.c.
}
~en, (I.3)
where ωn is the angular frequency, ~kn the wavevector, An the amplitude of the electric
field and ~en the unit vector of the n-th component.
I.2.1 Second-Order Nonlinear Optics
In the case of second-order interactions, the second term of Eq. (I.2) is given by
P
(2)
i (ωl = ωm + ωn) =
0
2
∑
m,n
∑
j,k
χ
(2)
ijk(−ωl;ωm, ωn)Aj(ωm)Ak(ωn), (I.4)
1typical values of χ(1) ∼ 1, χ(2) ∼ 10−11V/m and χ(3) ∼ 10−22V 2/m2 [15]
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with ωl = ωm + ωn. Since the χ(2) tensor is a rank-3 tensor, it contains 27 elements,
some of which are zero due to symmetry considerations. In practice we use the non-
linear coefficient tensor,
dijk =
1
2χ
(2)
ijk, (I.5)
where the factor 12 is a consequence of an historical convention, and we drop the
frequency arguments for simplicity. Due to the intrinsic permutation symmetry 2, the
last two indices j, k of the dijk tensor are interchangeable,
dijk = dikj = dil, (I.6)
and we can replace them by one single index l,
jk : 11 22 33 23, 32 31, 13 12, 21
l : 1 2 3 4 5 6 , (I.7)
reducing the 27 independent elements to 18. The number of independent elements can
be further reduced if we apply the Kleinman symmetry condition 3, leaving us with
only 10 independent indices:
dil =
d11 d12 d13 d14 d15 d16d16 d22 d23 d24 d14 d12
d15 d24 d33 d23 d13 d14
 . (I.8)
The (Al)GaAs crystal has a 4¯3m crystallographic symmetry. In such crystals, only
the d14 elements in Eq. (I.8) are non-zero, leading to the simplification of Eq. (I.4),P
(2)
x (ω3)
P (2)y (ω3)
P (2)z (ω3)
 = 20d14
Ay(ω1)Az(ω2) + Ay(ω2)Az(ω1)Ax(ω1)Az(ω2) + Ax(ω2)Az(ω1)
Ax(ω1)Ay(ω2) + Ax(ω2)Ay(ω1)
 . (I.9)
By inspection of Eq. (I.9) we can draw an important information: to perform
SHG in GaAs (or AlGaAs), the electric field of the incident light at ω1 = ω2 = ω
cannot be parallel to any crystallographic direction of the crystal. The resulting field
at frequency ω3 = 2ω is perpendicularly polarized to the incident fields.
Three-wave mixing is driven by two fields, oscillating at frequencies ω1 and ω2. For
the simple case of plane waves
~E(~r, t) = 12
{
A1(~r, ω1)ei(ω1t−
~k1·~r)~e1 + c.c.
}
+ 12
{
A2(~r, ω2)e(iω2t−
~k2·~r)~e2 + c.c.
}
. (I.10)
2The intrinsic permutation symmetry states that the last two indices j, k of the χ(2)ijk(−ωl;ωm, ωn)
tensor are interchangeable, at the same time with the indices m,n of the frequency arguments [15]
3The Kleinman symmetry condition comprises the full permutation symmetry of every index of
the i, j, k χ(2)ijk(−ωl;ωm, ωn) tensor along with the frequency indices l,m, n and assuming that the
nonlinear susceptibility is non dispersive [15]
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Injecting (I.10) into the second-order polarization formula P (2)i = 0χ(2) : ~E2, its
different spectral components will have a frequency ωl that is a combination of the
frequencies ω1 and ω2 of the incident field, leading to different second-order nonlinear
optical processes:
• Sum Frequency Generation (SFG): ω1 + ω2 → ω3;
• Second Harmonic Generation (SHG): 2ω1 → ω3 (or 2ω2 → ω3), which is a
particular case of the SFG in where ω2 = ω1;
• Difference Frequency Generation (DFG): ω1 − ω2 → ω3, with ω1 > ω2;
• Spontaneous Parametric Down Conversion (SPDC), which is a particular case
of DFG where one of the input frequencies, (ω1 or ω2) is represented by vacuum
fluctuations;
• Optical rectification: ω3 = 0, a particular case of DFG where ω1 = ω2.
These processes are represented in Figure I.2. Notice that the energy transitions
are not based on real energy levels but virtual levels, leaving the electron in the same
state as before the interaction, as we can see in the right-hand side of Figure I.2.
Let us consider the Maxwell’s equations for a non-magnetic, isotropic, optical
medium with no charges and no currents
∇× ~E = −∂
~B
∂t
,
∇× ~H = ∂
~D
∂t
,
∇ · ~E = 0,
∇ · ~B = 0,
{
~B = µ0 ~H,
~D = 0r ~E + ~P ,
(I.11)
with 0 and µ0 the permittivity and permeability of free space, r the relative permit-
tivity. Taking the curl of the first equation of I.11 on the left-hand side, we obtain
the wave equation that describes the coupling between the nonlinear polarization ~PNL
and the electric field,
∇2 ~E − n
2
c2
∂2 ~E
∂t2
= µ0
∂2 ~PNL
∂t2
, (I.12)
where we replaced r = n2, with n the refractive index, and c is the speed of light in
vacuum.
Next let us derive the coupled-wave equation in the special case of SHG. We con-
sider two monochromatic collinear waves, propagating in the y direction, with frequen-
cies ω at FF and 2ω at SH,
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Figure I.2: Second-order nonlinear optical processes. The black solid lines represent real energy levels
while the dashed lines represent virtual levels.
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~Ej(y, t) =
1
2
{
Aj(y)ei(ωjt−kjy) + c.c.
}
~ej, (I.13)
in which Aj(y), with j = ω, 2ω is the electric field amplitude of each wave. By
calculating the nonlinear polarization using (I.4), and injecting the result and (I.13)
into Eq. (I.12), in the slowly varying amplitude approximation, we obtain the coupled-
wave equations for the fields at frequencies ω and 2ω,
dAω
dy
= −i ω
nωc
deffA
∗
ω(y)A2ω(y)e−i∆ky, (I.14)
dA2ω
dy
= −i 2ω
n2ωc
deffA
2
ω(y)ei∆ky, (I.15)
where ∆k = k2ω − 2kω and deff is the scalar effective nonlinear coefficient. In the
undepleted-pump approximation, the amplitude of the incident wave, Aω, is constant
along propagation Aω(0) = Aω(L), with L the length of the optical medium. Solving
(I.15) and integrating the field intensity,
I2ω =
1
2n2ω0c|A2ω|
2, (I.16)
over the effective area A of the beam, we obtain the SHG power as a function of the
incident power at FF, Pω,
P2ω(L) = 1A
2ω2d2eff
n2ωn2ω0c
3P
2
ωL
2sinc2
(
∆kL
2
)
, (I.17)
The SHG conversion efficiency is defined as the ratio between the generated SH
power and the square of the injected power at the FF
ηSHG =
P2ω
P 2ω
= η0L2sinc2
(
∆kL
2
)
, (I.18)
where
η0 =
1
A
2ω2d2eff
n2ωn2ω0c
3 , (I.19)
is the normalized conversion efficiency. Since η0 is independent on the length of the
device, it is a convenient parameter to compare the efficiency of different devices.
Equation (I.18) points out that efficient SHG requires both a large η0 and ∆k = 0
(see Figure I.3a).
In summary, two conditions are necessary to obtain SHG: energy conservation,
~ω + ~ω = ~2ω, (I.20)
and the phase-matching condition, ∆k = 0, which corresponds to
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Figure I.3: SHG conversion efficiency vs.: a) ∆kL/2; and b) propagation distance in the waveguide
L/Lc.
kω + kω = k2ω ⇒ 2nωω = n2ω2ω. (I.21)
This condition is not easily fulfilled due to the dispersion of the material, which
makes nω 6= n2ω. If ∆k = 0, the SH power grows as the square of the crystal length
L. Otherwise, if ∆k 6= 0, the power flows back and forth between FF and SH with a
period 2Lc = 2pi∆k as shown in Figure I.3b.
I.2.2 Third-Order Nonlinear Optics
In the case of third-order nonlinear interactions, the third term of Eq. (I.2) is
P
(3)
i (ωp = ωm + ωn + ωo) =
0
2
∑
m,n,o
∑
j,k,l
χ
(3)
ijkl(−ωl;ωm, ωn, ωo)Aj(ωm)Ak(ωn)Al(ωo).
(I.22)
The tensor χ(3) is rank-4, which means that it is composed of 81 elements. In a
crystal of F43m symmetry, as in the case of GaAs and compounds, the number of
nonzero elements is 21, of which only 4 are independent in the case of Kleinmann
condition [15].
If the incident field is composed of three separate frequencies, ω1, ω2 and ω3, the
resulting third-order polarization will consist of spectral components of frequency ωp,
that is a combination of the input fields’ frequencies, leading to different third-order
nonlinear optical phenomena:
• The optical Kerr effect: ω4 = ω1 (or ω4 = ω2, ω3), that results in a modulation of
the refractive index, according to the incident field. The refractive index varies
with the intensity of the applied field I(ω) = 12n00c|A(ω)|2,
n = n0 + n2I, (I.23)
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where n2 is the nonlinear refractive index, which depends on the real part of the
third-order susceptibility
n2 =
3
4n200c
Re{χ(3)}, (I.24)
• Cross-phase modulation (XPM): ω4 = ω1 (or ω4 = ω2, ω3), when intensity of one
wavelength, ω2 or ω3, affects the phase of the light at a different wavelength ω1
due to the optical Kerr effect;
• Self-phase modulation (SPM): ω4 = ω1 (or ω4 = ω2, ω3), were the phase at a
given wavelength is affected by the intensity at the same ω1 due to the Kerr
effect;
• Third Harmonic Generation (THG): ω4 = 3ω1 (or ω4 = 3ω2, 3ω3);
• Four Wave Mixing (FWM): ω4 = ω1 + ω2 + ω3, or ω4 = ω1 + ω2 − ω3, or
ω4 = ω1 − ω2 − ω3, resulting from the combination, sum or difference, of all
frequency terms
The second case of FWM mentioned above can be rewritten as
ω1 + ω2 = ω3 + ω4, (I.25)
and it is represented in Figure I.4a as an energy diagram. In this case, two photons
are annihilated to create two others. In the special case where ω1 = ω2, the par-
tially degenerate FWM, Figure I.4b, the pump photons give origin to two side bands,
symmetrically placed at each side of the pump frequency, with a difference,
∆ω = ω1 − ω3 = ω4 − ω2. (I.26)
This is schematically represented in Figure I.4c, where the low-frequency and high-
frequency side bands are referred to as signal and idler, respectively.
I.3 SHG in waveguides
An optical waveguide is a device that guides light in one direction while confining
it by total internal reflection in one or two transverse directions, by means of a tailored
spatial distribution of the dielectric constant. The simplest case of a waveguide is the
slab waveguide (see Figure I.5), with a guiding layer of refractive index ng, with a
thickness of the order of the wavelength, sandwiched between a cladding of refractive
index nc and a substrate of refractive index ns, with nc ≤ ns < ng, both with infinite
thickness. The solution of Maxwell equations with the boundary conditions provided
by this confinement results in a discrete number of modes, divided in two sets:
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Figure I.4: Energy diagram in the case of a) non-degenerate and b) degenerate FWM and c) spectral
representation of the pump frequency and the generation of two side bands in the case of non-
degenerate FWM.
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Figure I.5: Representation of the coordinate axis in a waveguide.
• Transverse Electric (TE) modes - with nonzero field components Ex, Hy, Hz;
• Transverse Magnetic (TM) modes - with nonzero field components Hx, Ey, Ez.
Each mode is referred to as TEm or TMn, with m,n = 0, 1, 2, ..., depending on the
number of zeros of the electric field (in the case of a TE mode) or magnetic field (in
the case of a TM mode) in the confinement direction.
In the case of a waveguide with 2D confinement, in both x and z directions, the
classification in TE or TM of the guided modes is not accurate, since all the modes have
non-vanishing E and H projections along the three axis. Nevertheless, for waveguides
with prevailing confinement in one of the two transverse directions, it is reasonable
to class the guided modes as quasi-TE or quasi-TM, if the dominant components of
the electromagnetic field are (Ex, Hy, Hz) or (Hx, Ey, Ez), respectively. They can be
referred to as TEmn or TMmn, with m and n the number of zeros of the fields in the x
and z directions, respectively (see Figure I.6), where we dropped the reference “quasi”
for simplicity. These are the type of 2D waveguides we are going to work with. Each
of their TE and TM mode is characterized by:
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Figure I.6: Different modes in a 2D confined waveguide.
• an adimensional, y-invariant spatial field distribution φmn(x, z) in the transverse
plane. The modes with the same polarization and frequency are mutually or-
thogonal,
∫∫
φmnφm′n′dxdz = δmm′δnn′ [m2]; (I.27)
• an adimensional, y-invariant effective refractive index neff of the mode, thus an
effective propagation constant βmn = neffk0, with k0 = 2pi/λ, the propagation
constant in vacuum, with ns < neff < ng. When the mode is tightly confined, its
neff is close to ng, while in the case of loose confinement it approaches ns.
Equation (I.27) is also a normalization condition. Let us consider now two propa-
gating modes at frequencies ω and 2ω in a lossless waveguide, with the electric field,
~Ej(~r, t) =
1
2
{
φj(x, z)Aj(y)ei(ωjt−βjy) + c.c.
}
~ej, (I.28)
where we introduced the spatial field distribution of each mode, φj(x, z). The equations
that govern the amplitude Aj(y) of each mode along the waveguide are the same
equations (I.14), (I.15), but we replace ∆k by ∆β. In this case, the effective beam
area in Eq. (I.17) is
A = |Iov|−2, (I.29)
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Figure I.7: Dependence of the SHG conversion efficiency on α2ωL.
and Iov the overlap mismatch inside the nonlinear medium of the waveguide,
I2ov =
[
∫
φ2ω(x, z)φ2ω(x, z)dxdz]
2
[
∫
φ2ω(x, z)dxdz]
2 ∫ φ22ω(x, z)dxdz . (I.30)
The SHG conversion efficiency can be calculated using Eqs. (I.18) and (I.19), where
we replaced ∆k → ∆β, A → |Iov|−2 and nω and n2ω are the effective indices.
A semiconductor waveguide is usually obtained by the growth of an epitaxial struc-
ture and a post-growth etching, leaving a rectangular strip, where the light is guided.
A source of waveguide losses are non-idealities of the material boundaries, such as
roughness from fabrication imperfections and an oxidized surface. These losses are
quantified by the loss coefficient, α. If we introduce propagation loss in the coupled
equations (I.14), (I.15) (see Appendix A.3), the conversion efficiency becomes
ηSHG = η0L2e−(αω+
1
2α2ω)L
sin2(∆βL/2) + sinh2
[
(αω − 12α2ω)L/2
]
(∆βL/2)2 +
[(
αω − 12α2ω
)
L/2
]2 . (I.31)
If we consider the case α2ω  αω, as it is the case when losses are dominated by
scattering [92], we can consider αω = 0 and observe the dependence of ηSHG on α2ωL
in Figure I.7. Losses induce a decrease of the ηSHG peak its spectral broadening. For
high values of α2ωL, the curve changes from a sinc2 shape to a Lorentzian.
20 Chapter I. Nonlinear Optical Processes
I.3.1 Phase Matching in Waveguides
As we have seen in I.2.1 and I.3, phase matching is a crucial condition to obtain
efficient conversion. The phase matching methods are divided into two groups:
• Type I phase matching - where FF fields are degenerate and hence copolar (TE
for positive uniaxial and TM for negative) and the SH field is perpendicularly
polarized to the FF one;
• Type II phase matching - the two FF fields have orthogonal polarizations and
the SH field is either TM (positive uniaxial crystal) or TE polarized (negative
uniaxial crystal).
For SHG in waveguides with type I phase matching, this condition becomes
∆β = n2ω2ω − nωω − nωω = 0
⇒ n2ω = nω, (I.32)
i.e. a condition on the effective indices of the interacting guided modes. Accordingly,
guided wave frequency mixing can take advantage of multimode dispersion and effec-
tive index engineering to counterbalance chromatic (material) and geometric (modal)
dispersion, and achieve phase matching. Techniques of exact phase matching are
modal and birefringent phase-matching. A convenient way to fulfill phase-matching is
QPM where we let ∆β 6= 0 and periodically invert the second-order susceptibility, with
a decrease of conversion efficiency. The following considerations on phase matching
schemes are done in the specific case of AlGaAs.
To perform modal phase matching, the geometry of the guided wave can be
engineered so that we can select modes of different order at ω and 2ω with equal
effective index. Effective indices decrease with increasing wavelength, due to both
material and geometric dispersion, due do the decrease of mode confinement (see
Figure I.8a). Since higher-order modes are less confined in the waveguide, they have
a smaller neff at the same wavelength than the lower-order modes (see Figure I.8a,
curves TE0 and TE2). The modes involved are usually the fundamental modes at FF
and a higher-order mode at SH. An interaction between modes of different orders leads
to a small nonlinear overlap integral, Iov, (see Figure I.8b), limiting, as a consequence,
the value of the conversion efficiency.
Due to the structure of GaAs nonlinear tensor, phase matching on a waveguide
of this material necessarily involves one TM polarized photon and two TE polarized
ones. In Figure type II I.8 phase matching was obtained using the fundamental modes
at both TE and TM polarization for the two input photons and the higher order mode
n = 2 with a TE polarization in a GaAs/AlGaAs waveguide.
I.3 SHG in waveguides 21
Continuous-wave second-harmonic generation in modal phase matched
semiconductor waveguides
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We report the observation of continuous-wave second-harmonic generation in a modal-
phase-matched GaAs/AlGaAs waveguide. The heterostructure has been designed to generate a
second-harmonic signal via a type-II process with a fundamental signal around 1.55 mm.
Continuous wave conversion enables a quantitative estimation of the conversion efficiency. In our
case, h530%65% W21 cm22 is found experimentally. © 2004 American Institute of Physics.
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The high values of the nonlinear susceptibility of III–V
semiconductors ~e.g., GaAs, AlGaAs! make them particu-
larly attractive for nonlinear optics applications in the tele-
com wavelength range. However, GaAs is not birefringent
and alternative phase matching schemes have to be used to
obtain efficient nonlinear processes. The solutions proposed
up to now include form birefringence,1 quasiphase
matching,2,3 modal phase matching,4 or counterpropagating
schemes.5,6 As the waveguides described in this letter are
studied with the perspective of electrically pumped active
components, we discarded the form birefringence solution
that is based on the insertion of insulating layers into the
structure. Some interesting results have recently been ob-
tained in quasiphase matched GaAs films;3 however, the
complexity of this technology still makes the realization of
low loss waveguides a difficult task for the moment. Coun-
terpropagating phase matching is an interesting solution if
we want to generate twin photons via parametric down con-
version that are emitted in two opposite directions; but the
conversion efficiency in this process is quite low and thus
not compatible with telecoms purposes. For all these reasons
modal phase matching is an attractive solution to realize non-
linear waveguides that are compatible with a diode laser de-
sign. For instance, this choice opens the way to the realiza-
tion of a wholly integrated semiconductor light source based
on parametric effects. Such a device could find attractive
applications in quantum communication, for example as a
source of twin photons in quantum cryptography protocols,
as well as in classical telecommunication networks, for ex-
ample as wavelength converters.
In our case, the heterostructures are designed such that
photons on the two fundamental modes TE00 and TM00 at
1.55 mm can generate photons on the third order mode TE20
at 775 nm through phase matched second-harmonic genera-
tion ~SHG! ~Fig. 1!. Since the two pump photons do not have
the same polarization, a residual birefringence adds to modal
birefringence for phase matching. The geometry of the het-
erostructures, shown in Fig. 2, is designed in order to opti-
mize the overlap integral of the interacting modes, which
affects directly the process efficiency.7 A similar sample has
been studied in femtosecond regime;8 in that case, the inter-
pretation of the experimental results is complicated by the
presence of temporal effect ~walk-off and dispersion!. Be-
sides the interaction length is reduced, resulting in a low
conversion efficiency. The cw operation presented in this let-
ter allows us to use the full device length and do a more
accurate measurement of the efficiency of the SHG process.
The samples are grown by a Varian molecular beam ep-
itaxy machine, on a GaAs substrate. The epitaxial structure
used is 1200 nm Al0.98Ga0.02As/156 nm Al0.22Ga0.78
As/262 nm Al0.40Ga0.60As/156 nm Al0.22Ga0.78As/800 nm
Al0.98Ga0.02As. The two-dimensional confinement is
obtained by means of optical ridges of width varying from 3
to 5 mm.
The experimental setup for the SHG experiment is com-
posed by a cw laser ~Tunics, Nettest! tuneable from 1.5 to
1.6 mm and having a spectral width of 2 kHz that is coupled
to the sample mounted on an end-fire coupling rig. The light
is coupled to the waveguide via a 40X microscope; a second
40X objective is used to collect the generated second-
a!Electronic mail: sara.ducci@thalesgroup.com
FIG. 1. Dispersion of the effective indices neff of the modes involved in the
SHG process. Phase matching is obtained by a careful design of a multilayer
waveguide in which the effective indices of three different guided modes i ,
j , k satisfy the condition neffi (v)1neffj (v)52neffk (2v). In our case two photons
on the two fundamental modes (i5TE0 , j5TM0) at 1.53 mm can generate
a photon on the third order mode (k5TE2) at 765 nm.
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harmonic signal and the transmitted fundamental. A p-i-n
photo iode connected to a lock-in amplifier is used to mea-
sure the SHG. The input polarization of the fundamental
beam is linearly polarized at 45° in order to couple TE and
TM modes simultaneously; the output polarization is ana-
lyzed via a polarizer inserted before the detector. The
second-harmonic power in a channel waveguide of length L
is given by
P2v5P~0 !v
2 2v
2
~«0c !
3
deff
2
n2vnv
2
L2
Aeff
@sinc ~DbL/2!#2,
where P(0)v is the fundamental power injected into the
guide, deff denotes the effective nonlinear coefficient, nv(2v)
is the effective index of the guided modes, Aeff is the effec-
tive area, and Db5b2v22bv is the phase mismatch.
For appropriate tuning of the input beam around 1.536
mm, a clear growth of the second-harmonic signal is ob-
served as reported in Fig. 3. The polarization of the gener-
ated signal is TE, confirming that the nonlinear interaction is
of type II as expected from the design of the sample. The
envelope of the signal has the well known (sinc x)2 shape,
which is a clear evidence of phase matching resonance. The
signal presents an additional modulation due to the Fabry–
Pe´rot type interference of the fundamental beam which is
reflected on the facets of the waveguide. It is worth to men-
tion that in the general case TE and TM fundamental beams
give rise to two different sets of fringes that are not in phase.
This depends in general on waveguide length and width. In
the present case we have chosen a particular waveguide for
which the two sets of fringes are superimposed in order to
make the measurement of the process efficiency easier.
The fitting presented in Fig. 3 is realized by multiplying
a (sinc x)2 by the square of a Fabry–Pe´rot transmission
function. The distance between two fringes corresponds to an
interaction length of 4.3 mm in excellent agreement with the
real length of the sample which is also 4.3 mm. The spectral
width of the signal is 0.3 nm, which is consistent with the
calculated value Dl5 0.443l/Lu]l(nv2n2v)u50.36 nm.
This means that there is no inhomogeneous broadening of
the signal and that the interaction occurs on the full length of
the sample.
The inset of Fig. 3 reports the measured second-
harmonic power as a function of the input power. The ex-
pected quadratic dependence is confirmed as can be seen
from the typical value of best fit to the slope on the log–log
plot.
As pointed out in the introduction, the insertion of a
quantum well inside such a kind of heterostructure opens the
possibility to the realization of an integrated device consist-
ing of a laser diode which emission is used as a pump for an
intracavity parametric downconversion. Another useful ap-
plication of these waveguides could be wavelength conver-
sion in telecommunication networks. In this regard the esti-
mation of the internal efficiency of SHG is a crucial point. It
is worth to mention that this measurement is a delicate task
because the evaluation of the internal power in a waveguide
needs the knowledge of the optical losses and reflectivity
coefficients that is not obvious in semiconductor devices.
The measurement is performed by tuning the fundamen-
tal wavelength in order to be on the maximum of the SHG
signal. In a 1.5 mm long sample we measured a generated
power of 1.45 nW for a fundamental power at the input
microscope objective of 3mW ~1.5 mW with TE polariza-
tion, 1.5 mW with TM polarization!. However, only a part of
input power is in fact coupled into the waveguide due to the
input objective loss and the mode-matching factor. The mea-
sured transmission for both the input and output objective is
0.8; the estimated mode-matching factor for a 5 mm wide
guide is 0.5. With this estimation, by exploiting the Fabry–
Pe´rot method ~measuring the minima and maxima of the
transmitted power!, we have extracted the values of the
propagation losses a and the reflectivities R for both the TE
and TM fundamental beams at the phase-matching wave-
length ~1.53 mm!. We found aTE53.5 cm21, aTM56 cm21
and RTE50.3, RTM50.15. This is in agreement with the fact
that for both polarizations the modal reflectivity in a wave-
guide can be significantly different from Fresnel value be-
cause of the broad angular spectrum of the modes.9 The cal-
culation of the average internal power for the two
polarization gives then PTE5500 mW and PTM5400 mW.
Similarly, only a part of the generated second-harmonic
power reaches the detector. Indeed the output objective has a
transmission factor of 0.8; besides, the objective numerical
aperture ~0.82! limits the collected signal to the 80% of the
total power because of the divergence of the generated third
FIG. 2. Band gap profile and intensity distribution of the modes TE2 at 765
m and TE0 and TM0 at 1.53 mm. The waveguide structure is designed to
optimize the overlap integral between the modes involved in the nonlinear
process.
FIG. 3. Typical SHG spectrum as a function of the fundamental wavelength.
Solid line: experimental data. Dashed line: fitting curve resulting from the
product of a (sinc x)2 by an Airy transmission function. Inset: second-
harmonic output integrated power as a function of the fundamental input
power in a log–log scale. Circles: experimental data. Solid line: squared
power law fitting function y}x1.99.
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Figure I.8: Modal-phase matching for SHG in GaAs/AlGaAs waveguid s: a) dispersi n curves of
the modes involv d TE0 and TM0 at the FF and TE2 at the SH, b) band gap profile and intensity
distribution of TE2 and E0 (full lines) and TM0 (dashed line) (Source: [65]).
Birefringent phase-matching relies on the optical birefringence of the medium
to compensate chromatic dispersion. In optically isotropic AlGaAs materials bire-
fringence can be artificially induced (form-birefringence) by fabricating a multilayer
periodic structure or an optical waveguide with a high aspect ratio. This will give
origin to two different refractive indices: the ordinary refractive index, no, in th (x, y)
directions and the extraordinary refractive index, ne, in the z direction.
In Figure I.9 [93], type I birefringent phase matching was obtained in form-birefringent
AlGaAs/Al2O3 waveguides, using a TE polarized mode at the FF and a TM polarized
mode at the SH. In Figure I.9a, the profile of the modes shows that the effective index
of the TE polarized mode is higher than the TM polarized one. From I.9b we see that
due to the continuity of the fields, the TM modes are preferentially localized in the
low refractive index layers, while the TE modes’ intensity is almost the same.
As mentioned in I.2.1 if ∆β 6= 0, the generated SHG power does not increase
monotonically with propagation distance, L, but oscillates periodically, the oscillation
amplitude being smaller for larger ∆β. In the case of a phase-mismatched process,
quasi-phase matching assures the constructive interference of the SH photons gen-
erated along L, by means of physically inverting the polarity of the nonlinear crystal
(see Figure I.10a) In this case, the phase matching condition becomes
∆β = ±2piΛ (I.33)
In Figure I.11 we can observe the evolution of the generated SH electric field
amplitude with distance, L. For an exact phase matching, the field amplitude increases
linearly with distance and sinusoidally in the case of absence of phase matching. In
quasi-phase matched SHG, the field amplitude grows monotonically, but less rapidly
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flector for the SH wave and as a conventional cladding for
the pump wave. Figure 1 shows the calculated TE and TM
fields at 1.57 and 0.785 mm, respectively. The waveguide
structure before oxidation consists of: ~GaAs substrate!/2 mm
Al0.7Ga0.3As/30 nm AlAs/296 nm Al0.7Ga0.3As/30 nm AlAs/
296 nm Al0.7Ga0.3As/62.5 nm AlAs/ 8x ~184 nm
Al0.3Ga0.7As/30 nm AlAs!/296 Al0.7Ga0.3As/62.5 nm AlAs/
296 nm Al0.7Ga0.3As/30 nm Al0.3Ga0.7As cap layer. All AlAs
layers transform into Al2O3 after oxidation. In the simulation
we assumed n(Al2O3)51.6 and a 15% contraction of the
oxidized layers. Both the pump and SH waves are well con-
fined in the Al0.3Ga0.7As/Al2O3 core multilayer. The calcu-
lated birefringence at l51.06 mm is: n(TE)2n(TM)
50.28. Figure 2 shows the effective indices of the pump and
SH modes as a function of frequency. Phase matching is
expected at lpump51574 nm.
The sample was grown by molecular beam epitaxy on a
semi-insulating ~001! GaAs substrate. A double-step, reac-
tive ion etching processing5 was used to define 3 mm wide,
1.3 mm deep ridge waveguides on the top of 100 mm wide, 2
mm deep ridges. The 3 mm ridges provide the lateral optical
confinement, whereas the 100 mm ridges expose the AlAs
layers for lateral oxidation. The sample was oxidized for 2 h
at 400 °C in a water vapor atmosphere obtained by bubbling
a N2 carrier gas through water at 95 °C. Oxidation was ob-
served to proceed laterally from the edge of the 100 mm
ridges and oxidize the AlAs underneath the 3 mm ridges. The
loss for the TE mode at l51.32 mm was measured to be: 8
dB/cm. We stress that due to the high birefringence the TM
mode is under cutoff at this wavelength.
A mode-locked, tunable color center laser was used as a
pump in the SHG experiment. The 76 MHz, 8 ps pulses were
end-fire coupled into a 1.7 mm long waveguide. The SH
output beam was filtered and detected by a cooled CCD cam-
era. The SH power measurement was calibrated using a Ge
detector. Figure 3 shows the SH conversion efficiency ~aver-
age guided SH power divided by the square of the average
guided pump power! as a function of pump wavelength, to-
gether with a Lorentzian fit. Both SH and pump powers in
the wavelength were estimated from the measured 11% cou-
pling efficiency. A clear phase-matching peak is observed at
1605 nm, corresponding to the TE0, TM0 interaction. The
small discrepancy with the expected phase-matching reso-
nance ~1570 nm! can be attributed to imperfect knowledge of
bulk indices and layer thickness. The maximum average SH
power is 2.3 mW, with 1.1 mW average pump power coupled
into the waveguide. Another weaker pump ~not shown! was
observed at l51500 nm, corresponding to phase matching
between higher order modes, which have a smaller overlap.
Taking into account the 6.131024 duty factor, the conver-
sion efficiency for cw beams at the TE0-TM0 resonance is:
h50.12% W21. This is much smaller than the calculated
efficiency: h581% W21 for L51.7 mm. The low experi-
mental conversion efficiency is due to the loss at the SH
wavelength. Transmission measurements as a function of
wavelength were performed. Transmission in the oxidized
waveguide strongly decreases below 1 mm, and the absorp-
tion length is estimated to be few tens of microns at 0.8 mm
for both TE and TM polarizations. Unoxidized waveguides
are on the contrary transparent down to 0.7 mm. The effect of
loss is also evident in the width of the phase-matching reso-
nance. Assuming a power loss coefficient a at the SH wave-
length, and no loss at the pump wavelength, the SHG con-
version efficiency, h[P2v /Pv
2
, can be written as a function
of frequency as
FIG. 1. Calculated electric fields of TE0(v) and TM0(2v) in the oxidized
waveguide ~left axis!. The index profile at 2v in the waveguide is also
shown ~right axis!. They central multilayer is composed of Al0.3Ga0.7As/
Al2O3, the cladding of Al0.7Ga0.3As/Al2O3.
FIG. 2. Calculated effective indices TE0(l) and TM0(l/2) in the oxidized
waveguide as a function of pump wavelength l. Phase matching occurs at
l51574 nm.
FIG. 3. Measured second-harmonic generation efficiency (h[P2v /Pv2 ) in
a 1.7 mm long waveguide as a function of pump wavelength. The continu-
ous line is a Lorentzian fit.
2943Appl. Phys. Lett., Vol. 72, No. 23, 8 June 1998 Fiore et al.
Downloaded 29 Aug 2013 to 35.8.11.2. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
flector for the SH wave and as a conventional cladding for
the pump wave. Figure 1 shows the calculated TE and TM
fields at 1.57 and 0.785 mm, respectively. The waveguide
structure before oxidation consists of: ~GaAs substrate!/2 mm
Al0.7Ga0.3As/30 nm AlAs/296 nm Al0.7Ga0.3As/30 nm AlAs/
296 nm Al0.7Ga0.3As/62.5 nm AlAs/ 8x ~184 nm
Al0.3Ga0.7As/30 nm AlAs!/296 Al0.7Ga0.3As/62.5 nm AlAs/
296 nm Al0.7Ga0.3As/30 nm Al0.3Ga0.7As cap layer. All AlAs
layers transform into Al2O3 after oxidation. In the simulation
we assumed n(Al2O3)51.6 and a 15% contraction of the
oxidized layers. Both the pump and SH waves are well con-
fined in the Al0.3Ga0.7As/Al2O3 core multilayer. The calcu-
lated birefringence at l51.06 mm is: n(TE)2n(TM)
50.28. Figure 2 shows the effective indices of the pump and
SH modes as a function of frequency. Phase matching is
expected at lpump51574 nm.
The sample was grown by molecular beam epitaxy on a
semi-insulating ~001! GaAs substrate. A double-step, reac-
tive ion etching processing5 was used to define 3 mm wide,
1.3 mm deep ridge waveguides on the top of 100 mm wide, 2
mm deep ridges. The 3 mm ridges provide the lateral optical
confinement, whereas the 100 mm ridges expose the AlAs
layers for lateral oxidation. The sample was oxidized for 2 h
at 400 °C in a water vapor atmosphere obtained by bubbling
a N2 carrier gas through water at 95 °C. Oxidation was ob-
served to proceed laterally from the edge of the 100 mm
ridges and oxidize the AlAs underneath the 3 mm ridges. The
loss for the TE mode at l51.32 mm was measured to be: 8
dB/cm. We stress that due to the high birefringence the TM
mode is under cutoff at this wavelength.
A mode-locked, tunable color center laser was used as a
pump in the SHG experiment. The 76 MHz, 8 ps pulses were
end-fire coupled into a 1.7 mm long waveguide. The SH
output beam was filtered and detected by a cooled CCD cam-
era. The SH power measurement was calibrated using a Ge
detector. Figure 3 shows the SH conversion efficiency ~aver-
age guided SH power divided by the square of the average
guided pump power! as a function of pump wavelength, to-
gether with a Lorentzian fit. Both SH and pump powers in
the wavelength were estimated from the measured 11% cou-
pling efficiency. A clear phase-matching peak is observed at
1605 nm, corresponding to the TE0, TM0 interaction. The
small discrepancy with the expected phase-matching reso-
nance ~1570 nm! can be attributed to imperfect knowledge of
bulk indices and layer thickness. The maximum average SH
power is 2.3 mW, with 1.1 mW average pump power coupled
into the waveguide. Another weaker pump ~not shown! was
observed at l51500 nm, corresponding to phase matching
between higher order modes, which have a smaller overlap.
Taking into account the 6.131024 duty factor, the conver-
sion efficiency for cw beams at the TE0-TM0 resonance is:
h50.12% W21. This is much smaller than the calculated
efficiency: h581% W21 for L51.7 mm. The low experi-
mental conversion efficiency is due to the loss at the SH
wavelength. Transmission measurements as a function of
wavelength were performed. Transmission in the oxidized
waveguide strongly decreases below 1 mm, and the absorp-
tion length is estimated to be few tens of microns at 0.8 mm
for both TE and TM polarizations. Unoxidized waveguides
are on the contrary transparent down to 0.7 mm. The effect of
loss is also evident in the width of the phase-matching reso-
nance. Assuming a power loss coefficient a at the SH wave-
length, and no loss at the pump wavelength, the SHG con-
version efficiency, h[P2v /Pv
2
, can be written as a function
of frequency as
FIG. 1. Calculated electric fields of TE0(v) and TM0(2v) in the oxidized
waveguide ~left axis!. The index profile at 2 in the waveguide is also
shown ~right axis!. They entral multilayer is composed of Al0.3Ga0.7As/
Al2O3, the cladding of Al0.7Ga0.3As/Al2O3.
FIG. 2. Calculated effective indices TE0(l) and TM0(l/2) in the oxidized
waveguide as a function of pump wavelength l. Phase matching occurs at
l51574 nm.
FIG. 3. Measured second-harmonic generation efficiency (h[P2v /Pv2 ) in
a 1.7 mm long waveguide as a function of pump wavelength. The continu-
ous line is a Lorentzian fit.
2943Appl. Phys. Lett., Vol. 72, No. 23, 8 June 1998 Fiore et al.
Downloaded 29 Aug 2013 to 35.8.11.2. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
a) b)
Figure I.9: Type I form-birefringent phase-matching for SHG in waveguides: a) dispersion curves of
the modes involved and b) index profile at the SH frequency and the calculated electric fields for the
FF mode (TE0) and the SH mode (TM0) (Source: [93]).
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Figure I.10: a) Periodically poled crystal and b) corresponding deff .
than in the case of exact phase matching.
In AlGaAs, QPM is usually implemented by a post-etching growt with a periodical
pattern [69] or by wafer bonding and a selective etching [68]. This is a technological
challenge since it leads to rough interfaces between the domains that cause propagation
losses, and due to the need of having a long and uniform periodical structure.
I.4 Whispering Gallery Mode resonators
A WGM resonator is a type of resonant cavity, usually in the shape of a disk, a
ring, or a sphere, where the light travels around the concave semiconductor surface by
total internal reflection. This 3D light confinement gives origin to a certain number of
modes, identified by the number of oscillations in each direction of confinement.
To obtain the WGM of a disk resonator we start from Maxwell’s equations (I.11)
and take the curl either from the first and second equations. The result is the wave
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Figure I.11: Generation of the SH field vs. propagation distance in the case of no phase matching
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Figure I.12: WGM microdisk resonator in a cylindrical coordinate system.
equation,
∇2 ~F + n
2ω2
c2
~F = 0, (I.34)
where ~F is either the electric field ~E or the magnetic field ~H, n is the refractive index,
ω the angular frequency and c the speed of light in vacuum. Let us consider a disc in
the system of coordinates (ρ, θ, z) represented in Figure I.12, where R is the radius of
the disk and h its thickness, as it was done in [94]. Eq. I.34 can be rewritten as(
∂2
∂ρ2
+ 1
ρ
∂
∂ρ
+ 1
ρ2
∂2
∂θ2
+ ∂
2
dz2
+ n
2ω2
c2
)
~F = 0. (I.35)
As in the case of a waveguide with 2D confinement, we can, approximately, separate
the WGM into two sets of modes:
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• TEmodes - with the nonzero components of the electromagnetic field (Eρ, Eθ, Hz);
• TMmodes - with the nonzero components of the electromagnetic field (Hρ, Hθ, Ez);
whose components are related through the equations,
Eρ = −i 1
0n2ρω
∂Hz
∂θ
Eθ = i
1
0n2ω
∂Hz
∂ρ
, (I.36)
in the case of the TE modes and
Hρ = i
1
µ0ρω
∂Ez
∂θ
Hθ = −i 1
µ0ω
∂Ez
∂ρ
, (I.37)
for the TM modes, with (I.36) and (I.37) obtained from Maxwell’s equations (I.11).
Imposing the separation of variables on Ez(ρ, θ, z) and Hz(ρ, θ, z),
Fz(ρ, θ, z) = Ψ(ρ)Θ(θ)Z(z) (I.38)
and injecting this into Eq. (I.35) we obtain three different equations for each variable
d2Z
dz2 +
ω2
c2
(n2 − n2eff)Z = 0
d2Θ
dθ2 +m
2Θ = 0
d2Ψ
dρ2 +
1
ρ
dΨ
dρ +
(
n2effω
2
c2
− m
2
c2
)
Ψ = 0
, (I.39)
with neff the effective refractive index and m the azimuthal (integer) number of the
mode. The first line of (I.39) corresponds to the equation of a slab waveguide. The
solution of the second line is
Θ(θ) = eimθ, (I.40)
and the third equation describes the radial dependence of the field, having the solution
Ψ(ρ) =
{
NJm(kneffρ) ρ ≤ R
NBH(2)m (kρ) ρ > R
, (I.41)
where k = ω
c
, B = Jm(kneffR)
H
(2)
m (kR)
, N is a normalization constant, Jm the Bessel function
and H(2)m the second kind Hankel function of order m. Introducing (I.41) in (I.36) and
(I.37) and imposing the continuity of the tangential fields Fθ at the border of the disk,
ρ = R, we obtain the dispersion relations for both polarizations,
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Figure I.13: WGMs inside a microdisk resonator: a) m=12 and p=1 and b) m=10, p=2.
J˙m(kneffR)
Jm(kneffR)
− neff H˙
(2)
m (kR)
H
(2)
m (kR)
= 0 TEmodes, (I.42)
neff
J˙m(kneffR)
Jm(kneffR)
− H˙
(2)
m (kR)
H
(2)
m (kR)
= 0 TMmodes. (I.43)
By numerically solving (I.42) and (I.43) for each azimuthal number m, we obtain
the different modes of radial order p (integer) at the complex resonance ω˜. m defines
the number of oscillations in the azimuthal direction, while p the number of lobes in
the radial direction (see Figure I.13). The existence of an imaginary part of ω˜ is due
to the bent interface of the disk, which causes radiation losses. We define the quality
factor of each mode as
Qrad = Re{ω˜}2Im{ω˜} , (I.44)
which is a measure of the mode radiation loss. We aim to obtain a resonator with
the highest quality factor. The higher Qrad, the narrower the resonances of the disk.
Other sources of loss are scattering due to fabrication non-idealities, bulk absorption
due to material imperfections and surface absorption due to native oxide layer, and
all of them contribute to decrease the overall intrinsic Q factor of the resonator,
1
Qint
= 1
Qrad
+ 1
Qscatt
+ 1
Qabsorp
+ 1
Qox
. (I.45)
“Intrinsic” means that it is related only to the resonator itself, and it does not
depend on an external source of energy loss such another coupled resonator or waveg-
uide.
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The overall Q factor of a cavity can be expressed in terms of energy storage ca-
pability: Q is defined as the number of optical cycles inside the resonator before the
initial energy decays by a factor of 1/e. The stored energy U inside the resonator can
then be described as [94]
dU
dt = −
ω
Q
U, (I.46)
with −dUdt = Pd the dissipated power inside the cavity, and Q
Q = ω U
Pd
= ωτ ph, (I.47)
where with τ ph = U
Pd
= 1/∆ωFWHM, the lifetime of a photon inside the microdisk
resonator, we obtain,
Q = ω∆ωFWHM
, (I.48)
with ωFWHM the Full Width at Half Maximum (FWHM) of the cavity mode resonance.
Another important characteristic of a WGM resonator is its free spectral range
(FSR). We can write the angular dependence of a WGM, e−imθ, as e−imR θR = e−iβmθR,
where βm = m/R is the mode in-plane momentum, and θR can be considered as the
propagation distance, at least for modes of low radial order p. Thus, the group velocity
of a pulse inside the cavity can be calculated as [95]
vg =
∂ω
∂β
= ∆ωFSRm+1−m
R
= R∆ωFSR, (I.49)
with ∆ωFSR the FSR, or the separation in angular frequency of two consecutive modes
of azimuthal orders m and m+ 1 and the same radial order p. The group velocity vg
can be written in terms of the group index ng, vg = c/ng. Having this in mind, we
can write the frequency FSR, ∆νFSR, with ω = 2piν,
∆νFSR =
c
2piRng
, (I.50)
with 1/∆νFSR the time that it takes for a pulse of light to travel around the circumfer-
ence of the disk of radius R. The larger the radius, the smaller the FSR and the closer
the resonance peaks to each other. From here we can obtain the resonance condition
in a WGM disk resonator
2pingR = mλ˜, (I.51)
where λ˜ is the resonance of the cavity.
Dividing the FSR by the FWHM we obtain the finesse of the cavity
F = ∆ωFSR∆ωFWHM . (I.52)
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Figure I.14: Disk resonator coupled to a waveguide. Light of power Pin is injected and light of power
Pout is collected; κcpl is the coupling constant between the waveguide and the disk.
and with (I.49) and (I.51) we get,
F = Q
m
, (I.53)
which is another definition of the finesse: if a cavity has a finesse of 2pi, the initial
energy is reduced by a factor of 1/e after one round trip.
I.4.1 Optical Coupling
To perform the experiments on a WGM resonator (disk or ring), it has to be
evanescently couple to either a monolithic waveguide or a tapered fibre. The light is
then injected at one end of the waveguide (or fibre) and collected and analyzed at
the other end of it. The evanescent coupling relies on the spatial overlap between the
WGM and the waveguide modes, due to their spatial overlap.
Let us consider the scheme of Figure I.14 where light with power Pin is injected
at one end of a waveguide, it gets coupled with a disk resonator in the vicinity of the
waveguide and it is collected at the other end with a power Pout. The transmission
T = Pout
Pin
is given by [96],
T = (∆ωτ
cpl)2 + (1−Qcpl/Qint)2
(∆ωτ cpl)2 + (1 +Qcpl/Qint)2 , (I.54)
with ∆ω = ω − ω˜, τ cpl = 2Qcpl
ω˜
the coupling decay time, Qcpl = ω|κcpl|2 the coupling
quality factor, which is the contribution of evanescent coupling to the disk quality
factor, and κcpl the coupling constant. At resonance (∆ω = 0) we have,
T = 1−K1 +K , (I.55)
with K = Qcpl
Qint . Depending on the value of K, we have three different coupling regimes:
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Figure I.15: Two transmission spectra at critical coupling (blue line), under-coupling (red line) and
over-coupling (yellow line).
• K = 1, critical coupling, the coupling losses equal the intrinsic losses, Qcpl =
Qint.
• K > 1, under-coupling, the coupling losses are lower than the intrinsic losses
of the resonator, Qcpl > Qint.
• K < 1, over-coupling, the coupling losses are higher than the intrinsic losses
Qint > Qcpl.
In Figures I.15 are represented the optical transmission spectra for the three afore-
mentioned cases. At critical coupling (blue line) the value of T vanishes when ∆ω = 0,
and the power is completely transferred to the resonator, while in the under-coupling
condition (red line) the minimum value of T increases and the linewidth of the reso-
nance decreases, with a decrease of the coupling efficiency. In the case of over-coupling
(yellow line) we also have T (∆ω = 0) < 1, but the resonance broadens because the
WGM power takes longer to be dissipated. This case can be useful if we want to max-
imize the extraction of power from the resonator. The regime that is more convenient
to us is the critical coupling regime, since it is the one that allows the maximization
of the nonlinear conversion efficiency, as we will see in §I.5.
We can include Qcpl in the overall (or loaded) quality factor, using the same prin-
ciple as Eq. (I.45),
1
QL
= 1
Qint
+ 1
Qcpl
. (I.56)
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I.5 Second Harmonic Generation in Whispering Gallery
Mode resonators
Applying coupled mode theory [97] to the situation of SHG in a microdisk coupled
to a waveguide, the equations that describe the amplitude of the modes at ω and 2ω
in the resonator are [94]
daω
dt = iωaω −
aω
τ phω
+ i
√
2
τ cpl
sω (I.57)
da2ω
dt = i2ωa2ω −
a2ω
τ ph2ω
+ sNL2ω , (I.58)
with aj the amplitude of the mode, normalized to its power, τ phω = 2QL/ω (and
τ ph2ω = QL/ω) the total photon lifetime, that corresponds to the total losses of the
resonator (intrinsic losses and the energy that is coupled with the waveguide), sω the
linear source term from the pump at the FF that couples from the waveguide to the
resonator and
sNL2ω = −i
ω
2 a
2
ωI
WGM
ov , (I.59)
the nonlinear source term, generated inside the resonator, where
IWGMov = 0
∫
V
∑
ijk
χ
(2)
ijkAi(2ω)Aj(ω)Ak(ω)dV (I.60)
is the WGM nonlinear overlap integral, with V the volume of the cavity. Eqs. (I.57)
and (I.58) take into account the undepleted pump approximation. Solving the coupled-
mode equations we can obtain the SHG nonlinear conversion efficiency [98],
ηSHG =
P2ω
P 2ω
= 8
ω
|Iov|2
 Qcplω(
1 +Qcplω /Qintω
)2

2  Qcpl2ω(
1 +Qcpl2ω /Qint2ω
)2
 . (I.61)
In the case of critical coupling, where Qcpl = Qint, we have,
ηSHG =
1
8ω2 |Iov|
2(Qintω )2Qint2ω . (I.62)
I.5.1 Phase Matching in WGM resonators
As mentioned in I.3.1, the method of QPM relies on the modulation of the effective
nonlinearity, deff , usually obtained in waveguides by periodical inversion of the waveg-
uide crystal. The material that was used during this PhD is AlGaAs, which has a
zinc-blende crystal structure (Figure I.16). This crystal symmetry has the specificity
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Figure I.16: Zinc-Blende crystal structure (Source: [99]).
that by turning it of an angle of 90◦ about the <001> axis, the resulting structure is
the same as turning the original crystal upside down, as we would do in a periodically
poled GaAs crystal. Therefore, in an AlGaAs disk, QPM is naturally obtained without
further technological effort (Figure I.17a), in what we call an “effective” QPM.
The effective nonlinearity, deff , in a AlGaAs crystal can be evaluated [71],
deff =
∑
ijk
dijk aω i aω j a2ω k (I.63)
= d14 aω x aω y a2ω z = d14 aω x aω y, (I.64)
in which x, y and z cartesian axes correspond to the crystallographic axes < 100 >,
< 010 > and < 001 >, respectively, and ~aω and ~a2ω are unit vectors in the direction
of the FF and SH electric fields. a2ω z = 1, since the polarization of the SH field is
always on the z direction. The vector ~aω can be defined as
~aω =
sinϕcosϕ
0
 , (I.65)
where, ϕ is the angle between the direction of propagation of the light and the crys-
tallographic direction < 100 >. Thus, the effective nonlinearity gives
deff =
1
2d14 sin (2ϕ). (I.66)
This function is represented in Figure I.17b, where we can observe that it has a
maximum value where when the field at ω is polarized at 45◦ with respect to the
crystallographic axes, and a vanishing value when the polarization is parallel to the
coordinate axes, being modulated sinusoidally with a period Λ = 2Lc = piR.
The condition (I.33) in a disk becomes
∆β = β2ω − 2βω = 1
R
(m2ω − 2mω) = ± 2pi
piR
, (I.67)
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Figure I.17: a) Polarization of the nonlinear coefficient and b) its effective nonlinearity.
where, as previously, βm = m/R, and thus
∆m = m2ω − 2mω = ±2. (I.68)
In Figure I.18 we can observe the evolution of the generation of the SH field in the
different QPM scenarios: as mentioned previously, the QPM obtained by domain inver-
sion leads to a less efficient SHG than in the case of exact phase matching. “Effective”
QPM results in a further decrease of the conversion efficiency since the modulation
of the nonlinear coefficient deff is sinusoidal (Figure I.17b), instead of a ±|deff | square
wave as in Figure I.10b, which has a higher average value of |deff |.
With respect with a waveguide, a resonator has the advantage of enhancing the
interaction between the fields due to high field confinement, which allows us to obtain
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Figure I.18: Different phase matching types curves: comparison with the case of the “effective” QPM.
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air-dielectric interface. It has been first demon-
strated in optical microspheres (21) that ultra-
highQ resonances (>100million) can be attained
(whereQ = wt, the resonance quality factor, with
t denoting the photon storage time and w the
optical angular frequency). This ultrahigh Q fac-
tor results in long interaction lengths and can lead
to extremely low thresholds for nonlinear optical
effects (sub micro-Watt power level). The optical
WGM resonances correspond to an integer num-
ber of optical wavelengths (the mode index n)
around the microresonator’s perimeter and are
separated by the free spectral range (FSR), that is,
the inverse round trip time in the cavity (Fig. 2C).
In the case of resonators made of fused silica,
silicon, or crystals that exhibit inversion sym-
metry, the elemental nonlinear interaction is third-
order in the electric field, which gives rise to the
process of parametric four-wave mixing (FWM).
This frequency conversion process originates
from the intensity-dependent refractive index,
n0 + I × n2, where n2 is the Kerr coefficient, n0
is the linear refractive index, and I denotes the
laser intensity. When a microresonator made
from a third-order nonlinearity material is pumped
with a CW laser (Figs. 1C and 2A), this para-
metric frequency conversion will annihilate two
pump photons (with angular frequency wp) and
create a new pair of photons: a frequency up-
shifted signal (ws), and a frequency downshifted
idler (wi). The conservation of energy (2 ħ wp =
ħ wi + ħ ws, where ħ is the reduced Planck con-
stant) implies that the frequency components are
equally spaced with respect to the pump (i.e., ws =
wp + W and wi = wp – W, where 2W is the fre-
quency separation of the two new sidebands). If
the signal and idler frequencies coincide with
optical microresonator modes (Fig. 2C), the para-
metric process is enhanced, resulting in efficient
sideband generation. Momentum conservation is
satisfied in this process, since the WGMs have a
propagation constant b= n/R (where n is the
mode index and R the resonator radius) such that
2bp = bs + bi for symmetrically spaced modes
[i.e., signal and idler modes differing by an equal
amount (Fig. 2C)].
The generated sidebands have a defined phase
relationship, that is, the relative phases of signal
and idler with respect to the pump are fixed. If the
scattering rate into the signal and idler modes
exceeds their respective optical cavity decay rates
(k) (Fig. 2C), parametric oscillation occurs, lead-
ing to symmetric sidebands that grow in intensity
with increasing pump power. Although these ef-
fects are well known in nonlinear optics, such a
process was demonstrated only recently in silica
(22) and crystalline (23) microresonators. The ad-
vantage of microresonators is that the thresh-
old for initiation of parametric oscillation can be
strongly reduced, because the threshold scales
with the inverse Q factor squared, implying that
high Q can give a dramatic reduction in required
optical power.
Parametric oscillations can also lead to spectra
that containmultiple sidebands. The spectral band-
width can be increased by two nonlinear pro-
cesses (Fig. 2B). First, the pump laser can convert
pump photons to secondary sidebands, spaced by
multiple free-spectral ranges of the cavity (Fig.
2B). This degenerate FWM process would again
lead to pairwise equidistant sidebands. However,
the generated pairs of sidebands are not neces-
sarily mutually equidistant, that is, they are not
required to have the same frequency separation,
as is needed to form a comb.
On the contrary, in a second process, comb
generation can occur when the generated signal
and idler sidebands themselves serve as seeds for
further parametric frequency conversion, which
is also referred to as cascaded FWM (also termed
nondegenerate FWM because the two pump pho-
tons have different frequencies) (Fig. 2B). When
signal and idler sidebands have comparable pow-
er levels to that of the pump inside the cavity,
cascaded FWM is the dominant process by
which new sidebands are generated. This process
leads to the generation of equidistant sidebands,
that is, all generated frequency components have
the same separation from each other, giving rise
to an optical frequency comb.
Dispersion, the variation of the free spectral
range of the cavity with wavelength, ultimately
limits this conversion process and leads to a finite
bandwidth of the comb generation process be-
cause the cascaded FWM is less efficient once the
comb modes are not commensurate with the cav-
ity mode spectrum (Fig. 2C). Interestingly, how-
ever, the bandwidth of the comb is not entirely
determined by the dispersion of themicroresonator
alone. Indeed, the nonlinear optical mode pulling
(22) that occurs due to the Kerr nonlinearity at
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Fig. 2. Principle of optical frequency comb generation using optical microresonators. (A) An optical
microresonator (here, a silica toroid microresonator) is pumped with a CW laser beam. The high intensity
in the resonators (~GW/cm2) gives rise to a parametric frequency conversion through both degenerate
and nondegenerate (i.e., cascaded) FWM. Upon generation of an optical frequency comb, the resulting
beatnote (given by the inverse cavity round-trip time) can be recorded on a photodiode and used for
further stabilization or directly in applications. (B) Optical frequency comb spectrum, which is char-
acterized by the repetition rate (fr) and the carrier envelope frequency (fo). In the case of a microresonator-
based frequency comb, the pump laser is part of the optical comb. The comb is generated by a combination
of degenerate FWM (process 1, which converts two photons of the same frequency into a frequency
upshifted and downshifted pair of photons) and nondegenerate FWM (process 2, in which all four photons
have different frequencies). The dotted lines indicate degenerate FWM into resonator modes that differ by
more than one mode number. The presence of cascaded FWM is the underlying process that couples the
phases of all modes in the comb and allows transfer of the equidistant mode spacing across the entire
comb. (C) Schematic of the microresonator modes (blue) and the frequency comb components (green)
generated by pumping a whispering-gallery mode with a pump laser. The mode index (n) refers to the
number of wavelengths around the microresonator’s perimeter. The FWM process results in equidistant
sidebands. The bandwidth of the comb is limited by the variation of the resonator’s free spectral range (Dn)
with wavelength due to dispersion (shown is the case of anomalous dispersion).
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Figure I.19: a) Comb generation via degenerat and non-de enerate FWM b) matching of the FWM
generated comb lines with the resonator esonances n the case of anomalous dispersion (Source: [100]).
a more efficient nonlinear process. However, the requi eme t of a perf ct wavelength
match between resonant modes, ∆λ = λω − 2λ2ω = 0, makes the conditions to obtain
a efficient SHG to be more “rigid”, as nanometer scale change in the parameters of
the disk is sufficient t de-tune the resonances f 1 nm, nd decreasing the nonlinear
overlap.
I.6 Comb generation in ring resonators
Sections I.3 and I.5 described two types of χ(2) devices: waveguides and WGM
resonators. In this section I discuss one type of χ(3) device that was studied in this
doctoral work. We would like to use a ring resonator coupled to a waveguide to perform
the generation of an optical frequency comb, via FWM.
A frequency comb is a s urce whose spectrum is composed of equally spaced fre-
quency lines and have nu erous applications from optical clocks, precision frequency
metrology, gas sensing and spectroscopy [89]. Other ways to obtain optical combs are
by a periodic modulation of a continuous wave laser [101] or by the stabilization of a
pulse train by a mo e lock laser [82, 83]
The proc ss of c mb ge er tion by FWM in an optical resonator is represented in
Figure I.19a. All the spectral lines are generated through FWM, both the partially
degenerate (1) and the non-degenerate (2) cases. The phase-matching condition is
∆k = 0 or,
I.6 Comb generation in ring resonators 33
n(ω1)ω1 + n(ω2)ω2 = n(ω3)ω3 + n(ω4)ω4, (I.69)
as we will see further in IV.1.1. Partially degenerate FWM (ω1 = ω2) in WGM res-
onators is automatically phase matched because the momentum is naturally conserved
when the signal and idler azimuthal mode orders (m3 and m4) are symmetrically lo-
cated with respect to the one of the pump mode (m3,4 = m1 ±N) [102].
Since we are dealing with a resonator, the generated comb lines will need to match
the resonances of the microring, which is only possible through a limited bandwidth
of the spectrum due to the variation of the FSR of the resonator due to dispersion.
Figure I.19b shows the case where the resonant cavity dispersion is anomalous, when
group index ng decreases with frequency, and thus the FSR of the microresonator
modes increases. This is the most desirable condition due to the need to compensate
for the nonlinear phase mismatch.
The ring resonator light will be coupled by the use of a bus waveguide as in I.4.1
through evanescent coupling. In this case, the oscillation threshold power in the bus
waveguide can be calculated using [103]
Pth ≈ 1.54pi2
Qcpl
2QL
n20LA
n2λp
1
(QL)2 , (I.70)
with A = cγ/(n2ω) the effective mode area.
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II – Suspended AlGaAs WGM
microdisks for SHG
This chapter is dedicated to suspended AlGaAs microdisks in a GaAs pedestal
for SHG, corresponding to one of two platforms explored in this thesis. My work
follows the one carried out in a previous PhD thesis by Silvia Mariani [98]. The WGM
resonators were designed and the fabrication process was developed.
In that thesis, the devices were characterized using the technique of the tapered
fibre to couple light with the microdisk. SHG was observed in a disk with Qintω =
1.4 × 104 and Qint2ω = 5.0 × 102 with a conversion efficiency of ηSHG = 7. × 10−4 W−1.
The best Q factors obtained in her samples were Qintω = 4 × 104 and Qint2ω = 8 × 102,
but those cavities did not possess the appropriate dimensions to satisfy the conditions
needed to SHG. It was predicted that to obtain SPDC with a conversion efficiency
of 0.6 × 10−9 pairs/pump photon (i.e. compatibly with a quantum experiment with
the available equipment in the MPQ laboratory), we should improve the intrinsic Q
factors of the disk to Qintω = 5× 104 and Qint2ω = 1× 103.
Thus, here my purpose was to improve the fabrication quality of the (100)-AlGaAs
microdisks and to increase the SHG conversion efficiency, so that its reverse process,
SPDC, becomes viable. Let us recall that SPDC is a practical way to produce quan-
tum light sources on chip [24] with applications in quantum cryptography [104] and
quantum computing [105], as well classical applications [106,107].
My first attempt consisted in increasing the quality of the e-beam resist mask.
I fabricated the sample (sample A) under these conditions and I measured it using
the same experimental setup of [98], by using a tapered silica fibre. The use of the
latter may not be the best option because, although it gives us the degree of freedom
of finding the best position for critical coupling it hinders the reproducibility of the
results. Therefore we designed and fabricated a monolithic sample with two integrated
bus waveguides (sample B), each adapted to critical coupling at ω and 2ω. The
work done on sample B was made in cooperation with the DON team’s postdoctoral
researcher Iännis Roland. In this sample we want to apply the precise technique of
photo-electro-chemical etching (PEC etching) in a high-Q microdisk so that we are
able to obtain the best nonlinear overlap possible.
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II.1 Design
AlxGa1-xAs is an alloy of GaAs and AlAs, with x the molar fraction of aluminum
(Al). The band gap wavelength varies from 872 nm in GaAs to 574 nm in AlAs. For
x>0.18 we have a band gap wavelength λg > 750 nm [10].
As we mentioned in I.5.1, GaAs and AlGaAs share a zincblende structure, which
allows the azimuthal modulation of the effective second-order nonlinear coefficient χ(2),
enabling QPM without the technological burden of domain inversions [108], in what
we call of an “effective” QPM. In a WGM cavity, the latter occurs if
∆m = m2ω − 2mω = ±2, (II.1)
and if the energy conservation condition is fulfilled,
~ω + ~ω = ~2ω. (II.2)
Condition II.1 shows us that phase-matching only occurs for two specific WGMs,
therefore we can say that the phase matching is actually a mix of “effective” QPM
and modal phase-matching. The high quality factors in this type of cavities allows
intracavity field enhancement with an impact on intracavity nonlinear interaction.
SHG in WGM was previously demonstrated in GaAs disks at NIST [26] and in
AlGaAs disks in the DON group [11].
II.1.1 Disk parameters for SHG
To design a (100)-AlGaAs microdisk for SHG in the telecom band (λω ∼ 1550 nm
and λ2ω ∼ 775), we first need to take into account that the χ(2)ijk tensor in AlGaAs
has only 6 nonzero elements, χ(2)123 with the permutations of the indices (1, 2, 3). This
means that two out of the three interacting fields have to be TE polarized (i.e. in the
plane of the disk) and the other one TM polarized (i.e. perpendicularly to the plane
of the disk). In type-I phase matching, the two FF fields are TE polarized and the SH
field is TM.
The simulation results in this section were obtained using a Finite Difference Fre-
quency Domain (FDFD) method developed in the DON team. The parameters nec-
essary to design our disk are:
• Al fraction, x; disk thickness, h; radius of the disk, R; radius of the pedestal, Rp;
which are schematically represented in Figure II.1.
The design was previously developed in [98], and the parameters that were found to
best fit this purpose are x = 0.4, h = 155 nm, R = 1.903 µm and Rp ∼ 1 µm. This Al
fraction was chosen because on one hand the nonlinearity decreases with x, and on the
other hand, for x<0.28 the known etchant solutions are not selective with GaAs. The
thickness h is chosen between two limiting values: a lower boundary set by the cut-off
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Figure II.1: Parameters for the design of an AlGaAs suspended disk.
of the FF TE mode vertically confinement; and the upper boundary corresponding to
single mode vertical confinement at both FF and SH. R has to be sufficiently large to
allow a high enough radiation quality factor, Qrad, so that the latter does not limit
the overall Qint. The final values of h and R were obtained by finding the pairs (h,R)
that satisfy the conditions (II.1) and (II.2). Finally, the radius of the pedestal was
determined by finding the maximum Rp for which there is no mode leakage from the
disk, since the refractive index of GaAs is higher than the one of Al0.4Ga0.6As.
The different interacting modes modes calculated for Al0.4Ga0.6As disk with h =
155 nm and R = 1.903 µm are summarized in Figure II.2. Only TE polarized modes
can be found at FF, while both TM and TE occur at SH.
The modes that satisfy conditions (II.1) and (II.2) are the TE p = 1, m = 12 at
λω = 1572.7 nm and the TM p = 2, m = 26 at λ2ω = 786.3 nm. Figure II.3 shows the
resonance wavelength of both modes vs. R and h.
The profiles of these modes are shown in Figures II.4a and b, for the FF and SH
modes, respectively. For these modes, we calculate Qradω = 1.1 × 105 and Qrad2ω =
5.3× 109, far higher than the experimental intrinsic Q factors in the previous work of
Ref. [98], which means that Qint will not be limited by Qrad.
Using the experimental Q factors obtained in [98], Qintω = 1.43 × 104, Qint2ω =
4.96× 102, with Qcpl = Qint, in the critical coupling regime, and using the expression
for the SHG conversion efficiency, (I.62), the efficiency that is predicted is 0.17 W−1.
Now that we have designed our disk in the best possible way to achieve an effi-
cient SHG, we introduce a bus waveguide that allows an optimal evanescent coupling.
I adopted two options: 1) using a tapered fibre (sample A); and 2) integrating a
monolithic waveguide with the disk (sample B).
II.1.2 Fibre and disk coupling - sample A
The first option consists in approaching a previously fabricated tapered fibre to
the lateral wall of the disk. This fibre is obtained from a commercial SMF-28e+r,
tapered at 1200◦C in an adapted oven as described in II.3.1, which results in a SiO2
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Figure II.2: WGM azimuthal order, m for a disk with the parameters R = 1.903 µm and h = 155
nm, for different radial order p: a) TE FF; b)TE SH; c)TM SH.
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Figure II.4: Azimuthal profiles of the modes a) p = 1, m = 12 at the FF and b) p = 2, m = 26 at
the SH, based on Ref. [98].
fibre with a diameter of w ∼ 1 µm. This is the method chosen in the previous work
of [98].
The numerical study of the coupling efficiency is made by varying the parameter
g of the gap distance between the fibre and the disk and obtaining the correspondent
Qcpl. Knowing that we aim to obtain critical coupling, we only need to find the value
of g for which Qcpl has the same value than the predicted Qint. This study was made
in [98], but here the Qint values were adapted to the ones obtained experimentally
in [98]. These simulations were performed using an Effective Index Method (EIM)
code developed in the DON team.
At the FF, the best results were obtained for a gap distance of g = 540 nm. At
the SH, the best coupling is obtained when the fiber is stuck to the disk, g = 0, where
Qcpl = 6.3× 103, which means we are still in the under-coupling regime. Figures II.5a
and b represent the mode matching at FF and SH, respectively.
II.1.3 Waveguide coupling and disk coupling - sample B
The second method used to couple the light with the disk relies on an integrated
waveguide on the sample, which is fabricated at the same time of the disks, as detailed
in II.2.1. This configuration was developed during my thesis. Knowing that we need
to couple light at two different wavelengths, λω and λ2ω with λω = 2λ2ω, there are two
options that we can consider: to have either one waveguide coupled with the disk at
both wavelengths, or two waveguides, adapted to each wavelength.
To investigate both options we draw the maps of Figures II.6, of Qcpl as a function
of the waveguide width, w and gap g, calculated using the EIM. In the FF plot, we
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a) g = 450 nm b) g = 0
Figure II.5: Mode matching of the optimal coupling between the fibre a) at the FF b) and SH.
a) b)
Figure II.6: Map of Qcpl vs w and g a) for the FF mode and b) for the SH mode.
notice that we can have Qcplω ∼ 104 with w > 400 nm and g > 400 nm. In the SH
plot, with the same values of w and g, we obtain Qcpl2ω > 107, which means that QL2ω
will barely be affected by the presence of this waveguide. Conversely, the cut off of the
FF mode occurs for w < 350 nm. Therefore it is possible to design two waveguides in
such a way that each of them only interacts with the disk at one specific frequency.
However, by looking at Figure II.6b, we notice that to have Qcpl2ω ∼ 103, the gap
distance of the waveguide should be g < 150 nm, which is very difficult to obtain
in lithography, given the large size of the disk R ∼ 2 µm. Therefore we decided to
test another type of coupling waveguide that curves around the disk over an angle of
90◦C, as represented in the top waveguide of Figure II.7. This strategy was previously
reported in [109] in a configuration of double waveguide coupling, with a wrapping of
180◦C around a ring resonator.
To simulate the curved waveguide, I. Roland used a 3D Finite Element Method
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Figure II.7: Schematic representation of the disk with both integrated coupled waveguides, at the
FF and SH.
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Figure II.8: 2QL (= Qcpl at critical coupling) vs g a) at the FF for g = 450 nm and b) at the SH for
a straight waveguide of w = 130 nm and a 90◦C curved waveguide of w = 140 nm mode.
(FEM), using the comercial Comsol software. For consistency, it was also tested on
the same software, using the same method, a straight waveguide with the dimensions
adapted to SH coupling and the one adapted for coupling at the FF. An eigenmode
simulation of the system disk-waveguide is performed, in which the total quality factor,
QL, is obtained from the resulting complex eigenfrequeny (Eq. I.44).
In Figure II.8a is represented the calculated 2QLω for a waveguide of width w = 450
nm as a function of g. The value of g that matches Qintω = 2.8 × 104, obtained in a
previous measurement on a type B sample, is g = 400 nm.
In Figure II.8b we can compare 2QL2ω for a straight waveguide of w = 130 nm
and the 90◦C bent waveguide of w = 140 nm as a function of g. Even though the
waveguide is slightly larger, we have an increase of the coupling efficiency for the same
g. On a previous measurement in this type of sample in our laboratory, it was obtained
Qint2ω = 4× 103. For a straight waveguide of w = 130, that would correspond to a gap
distance g ∼ 150 nm, which is in the limit of what it is possible for us to fabricate
in the clean room. For the 90◦C bent waveguide of w = 140 nm, it corresponds to
g ∼ 250 nm. In Figures II.9 are represented the top view of the 3D FEM simulation,
where the waveguides have the dimensions that correspond to critical coupling.
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a) b)
Figure II.9: Field amplitude inside the disk and waveguide at the critical coupling at the a) FF and
SH.
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II.2 Fabrication
In this section I will describe the fabrication procedure of suspended Al0.4Ga0.6As
disks on a GaAs pedestal. In this thesis, I fabricated two kinds of samples: one first
sample with simple suspended microdisks of radius R = 1.903 µm (sample A), to be
tested using a tapered fiber (Figure II.10a), and a second sample with the integrated
bus waveguides (sample B, Figure II.10b). The latter has two coupled waveguides with
different characteristics, each one with a thickness w and a gap distance g, optimized
for critical coupling with the disk at the FF and SH. Both waveguides are suspended
and held by anchoring points. At each end of both waveguides, an inverted taper is
placed for coupling with a micro-lensed fiber.
a) b)
Figure II.10: a) Suspended Al0.4Ga0.6As microdisk WGM resonator b) with bus waveguide.
The nanofabrication process was carried out in the clean room of Université Paris
Diderot.
II.2.1 Fabrication Overview
The main steps for the fabrication of suspended Al0.4Ga0.6As disks with integrated
bus waveguides (sample B) are represented in Figure II.11. The fabrication procedure
of sample A was developed by S. Mariani [98] and it is not described in this chapter.
The only changes that I made in the sample A procedure were to substitute the 300
nm resist ma-N 2403 with the 100 nm ma-N 2401, and in the resist treatment after
lithography.
On a clean wafer (a), we spin coat a negative tone resist, ma-N 2401 (b) and
perform the e-beam lithography, using the eLINE system, which draws the pattern
of the disks, the waveguides and the anchoring points. After development with the
AZ 726 MIF developer solution (c), the first non-selective etching is performed (d),
which imprints the shape of the resist pattern on the material, etching throughout the
AlGaAs layer. For that we use an Inductively Coupled Plasma Reactive Ion Etching
(ICP-RIE) protocol based on a combination of Ar and SiCl4 plasma. The non-selective
under etching of GaAs is done using a solution of hydrogen peroxide (H2O2) (e).
To obtain a mesa suitable for our measurements, we use a positive-tone resist (f),
on which we perform an optical lithography, and develop the sample using a strong
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a) MBE growth and surface cleaning b) Deposition of ma-N 2401
c) E-beam lithography and development d) ICP-RIE non-selective etching
e) Resist cleaning and selective under-etching f) Deposition of S1818
g) Optical lithography and development h) Mesa etching
Al0.4Ga0.6As
GaAs
ma-N 2401
S1828
i) Resist cleaning and flash drying
Figure II.11: Fabrication procedure of AlGaAs suspended microdisks.
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alkali solution (g). The mesas are etched using H3PO4:H2O2:H2O (1:1:1). After resist
removal and flash drying (h), the sample is ready for measurements.
Epitaxial growth
Our wafer is grown at the C2N (Centre de Nanosciences et Nanotechnologies) by
Molecular Beam Epitaxy (MBE) on a (001) GaAs substrate (sample G6X067) with
the vertical layout:
• 1 µm GaAs buffer; 155 µm Al0.4Ga0.6As.
We chose a relatively thick GaAs buffer layer to minimize the effect of the commer-
cial GaAs substrate’s impurities on the guiding layer of Al0.4Ga0.6As. After growth, the
surface of the wafer is readily protected with a PMMA resist, to prevent the oxidation
of the sample over time.
Electron Beam Lithography
E-beam lithography is used to draw ultra-high resolution nanometric patterns. If
well regulated, with a 10 µm aperture of the beam, we can have a precision up to 20
nm.
Sample preparation. A whole wafer has a circular shape with 2-inch diameter.
The wafer is cleaved in small samples of 8 mm width and 10 mm height samples,
where we draw 4 columns of rings, separated of 2 mm from each other and 1 mm from
the border, as we can see in the schematic of Figure II.12.
<110>
<
11
0>- 1
0 
m
m
8 mm
Figure II.12: Schematic of the sample and the patterns drawn by e-beam lithography.
Since the wafer is covered by PMMA, it needs first of all to be cleaned with an
appropriate solvent. The procedure is followed, to remove not only the PMMA layer,
but also possible impurities and dust that may have accumulated after the cleaving.
46 Chapter II. Suspended AlGaAs WGM microdisks for SHG
• 2 minutes trichloroethylene bath at 80◦C;
• 1 minute acetone rinsing;
• 5 minutes trichloroethylene ultrasound bath at 40◦C;
• 10 minutes acetone ultrasound bath at 40◦C;
• 5 minutes isopropanol ultrasound bath at 40◦C;
• blow-drying with and N2 gun.
The solvent trichloroethylene in a 80◦C bath dissolves most of the PMMA and the
ultrasound bath removes the remaining. The acetone dissolves the PMMA and small
dust particles. The isopropanol bath is used to dissolve the acetone traces. Looking at
the microscope we observe almost always a very clean surface, ideal for the following
process of homogeneously thick resist deposition. If there are any big dust grains that
are difficult to remove, we gently push them away with a cotton swab, while keeping
the sample inside acetone. A clean surface is important to have a homogeneous resist
layer of over the sample.
E-beam resist deposition. The next step is to deposit the e-beam resist. We want
to deposit the most uniform possible layer to grant the best results in reproducibility
and device quality, since layers with different thicknesses do not react equally to the
same lithography dose. Other than a clean surface, a good resist adherence to the
substrate is necessary.
The surface of our sample is naturally hydrophilic: the surface native oxide forms
hydrogen bonds with the water vapor and this thin film reduces the resist adherence.
After the blow-dry of the sample, as we transport it to the resist deposition hood,
the surface is exposed to the air, and it gets quickly hydrated. Because of that,
we need to heat it to evaporate the water from the surface. A few seconds after
removing the sample from the hot plate, we deposit an adhesion promoter that turns
the hydrophilic surface hydrophobic. For that, use the HexaMethylDiSilazane (HMDS)
adhesion promoter. Therefore, the next steps just before resist deposition are:
• 5 minutes dehydration on a hot plate at 150◦C;
• spin coat HMDS, parameters: acceleration 2000 rmp/s; speed 6000 rpm; time
30 s;
• 1 minute waiting before the next step.
This last waiting time allows the evaporation of the HMDS solvent, without needing
to heat.
We decided to use the thinnest resist layer possible, since the thinner the layer, the
higher the precision of the resist mask after development. This limits our choice
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between ma-N 2401 and ma-N 2403, from Microresist Technology, and Hydrogen
SilsesQuioxane (HSQ) at 6% concentration, fabricated by Dow Corning. For a
spin coating with 3000 rpm speed, the nominal resulting thicknesses of the ma-N re-
sists are 100 nm and 300 nm respectively (Figure II.13a) and 100 nm for HSQ spin
coating speed of 4000 rpm (Figure II.13b). Since we only need to etch ∼ 155 nm of
AlGaAs, a 100 nm layer of resist is sufficient. Finally, we choose ma-N 2401, since the
HSQ resist is more sensitive to proximity effects, when dealing with big area patterns,
as it is the case of our ∼ 4 µm diameter disk.
Unique features
 E-beam sensitivity:
120 - 250 µC/cm2 @ 20 keV 
100 - 350 µC/cm2 @ 50 keV
 Deep UV sensitivity:
210 - 420 mJ/cm2 @ 248/254 nm
 Aqueous alkaline development
 No post exposure bake
 Easy to remove
 Good thermal stability of the resist patterns
 High wet and dry etch resistance
 Good pattern transfer fidelity
 Resolution capability: 50 nm
300 nm thick, chess pattern, e-beam
(Courtesy of IPHT Jena - Germany)
100 nm thick, 50 nm L/S, e-beam
(Courtesy of Fraunhofer HHI/Berlin - Germany)
mr-EBL 6000 – High E-beam sensitivity
ma-N 2400 – E-beam and Deep UV sensitivity
Unique features
 E-beam sensitivity:
2 - 5 µC/cm2 @ 10 keV 
4 - 6 µC/cm2 @ 20 keV
20 - 40 µC/cm2 @ 50 keV
 Post exposure bake (PEB) necessary
 Development in organic solvents
 Excellent thermal stability of the resist
patterns
 High dry and wet etch resistance
 Good pattern transfer fidelity
 Resolution capability: 80 nm
100 nm thick, 80 nm dots, e-beam
100 nm thick, 80 nm L/S, e-beam
(Courtesy of Fraunhofer HHI/Berlin - Germany)
– Use in micro- and nanoelectronics
– Manufacturing of semiconductor devices
– Mask for etching, e.g. of
   Si, SiO2, Si3N4 or metals
– Generation of sub 100 nm pattern
– Generation of stamps with nanopatterns
Applications
Process Flow
micro resist technology GmbH
Köpenicker Straße 325
12555 Berlin
Germany
Tel.:  +49 (0) 30 641670 100
Fax:  +49 (0) 30 641670 200
info@microresist.de
www.microresist.com
ls.15.06.18
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Figure II.13: a) Spin curves of ma-N 2400 series [110] and b) spin curve of 6% HSQ for 30 s spin
time [111], fit curve y = 216 exp(−x/1400) + 84.
Therefore, the next steps to finalize resist deposition are:
• spin coat ma-N 2401, parameters: acceleration 1000 rmp/s; speed 3000 rpm;
time 30 s;
• 65 seconds soft-baking at 95◦C.
The last step is necessary to evaporate any remaining liquid solvent that can per-
turb the adherence of the resist. We can verify that, if the resist has no impurities or
the sample did not have any dust on its surface, the resist film has a blue uniform color.
The sample needs to be protected from light, since this resist is also photo-sensitive.
E-beam lithography. The Raith eLINE e-beam lithography system that is used
is composed of a platform, in which we place the sample, and a Scanning Electron
Microscope (SEM) that exposes the pattern on the surface of the resist. After placing
the sample on the SEM chamber, setting the acceleration voltage at 20 keV, the
aperture of the beam at 10 µm and performing the different alignment procedures, we
select the area dose at DWF = 150 µC/cm2, the actual dose going from DWF (at the
48 Chapter II. Suspended AlGaAs WGM microdisks for SHG
wider waveguide sections and the disk) to 2×DWF (at the tip of the inverted tapers).
These differences in dose are justified since the smaller the size of the features, the
smaller the effective dose at that spot, and thus the need to increase the nominal dose.
There is also a compromise between proximity effects and roughness of the sidewalls.
At this point we launch the automatic e-beam lithography process.
Resist development. The exposed resist is polymerized and the rest remains un-
changed. To develop the resist, we dip the sample in a strong alkali solution that
reacts and remove the untouched part at a much higher rate. We use the 726 MIF
developer, to remove the unexposed resist. The following procedure is used:
• 6−8 steps of 8 seconds 726 MIF and 30 seconds in Deionized Water (DIW) with
optical microscope observation
After the first two steps, most of the unexposed resist is dissolved, but to completely
remove it from the gap between the disk and the waveguides, it takes 4-6 further steps.
The sample is agitated up and down inside the developer to solution to ensure a good
radial symmetry of the disk.
Further measures are taken to ensure the maximum quality of the resist borders,
by the decreasing their roughness. The first step consists of a resist reflow:
• 30 s of UV light exposure
• 90 s bake at 160◦C
The first action hardens the resist so that it does not over-melt in the second
one. The second action slightly melts the borders of the resist mask to smooth the
roughnesses around it. The last step consists in removing the resist “feet” that are
present around the resist mask and are not removed with development due to proximity
effects, while keeping a vertical sidewall:
• 10 seconds Reactive Ion Etching (RIE) of a standard recipe with pure O2.
Non-selective dry-etching by ICP-RIE
Once the resist pattern is defined, it is time to imprint it on our wafer. This can be
done with either a chemical etching with an acid mixture, or a physical etching. If our
pattern is only composed of disks, a chemical etching is more desirable to minimize
sidewall roughness. Physical etching tends to copy the roughness of the resist into the
etched structures. On the other hand, when we want sharp angles, as in the case of
the contact points between the anchoring points and the waveguides, physical etching
is the best choice, since chemical etching would result in “rounded” angles as it is
sketched in Figure II.14b, as opposed to Figure II.14a. This effect would result in
widened contact points between the waveguides and the “bridges” that connect to the
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a) b)
Figure II.14: Top view of the pattern after etching in the case of a) physical etching, that will result
in more sharp angles and b) chemical etching that will smooth the angles into rounded limits.
anchoring points, increasing the loss in the waveguide. Another advantage of physical
etching is that the disk diameter is the same as the resist mask, while with chemical
etching, the size of the disk mask needs to be adjusted to anticipate lateral under-
etching. With chemical etching there is also the effect of the uneven agitation of the
sample in the etching solution, which leads to radially asymmetric disks.
Finally, the sample is put in a vacuum chamber (Figure II.15), where the plasma
species are introduced and react with the sample. The high-density plasma is formed
by the inductive coupling between the radio-frequency (RF) signal from the Inductively
Coupled Plasma (ICP) source in a inductive coil and the gaseous species. In the
chamber, due to the electric tension created with the RF source, the electrons from
the plasma are accelerated towards the sample and charge it negatively, creating an
electric tension called self bias. When this happens, the positive ions are in turn
accelerated towards the sample, bombarding its surface and reacting with it, and
etching the material uncovered by the resist.
Figure II.15: Schematic representation of the function of an ICP-RIE machine (Source [112]).
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To compose our protocol, we have to take into account several parameters: the
concentration of the different gaseous species involved; the ICP and RF source powers;
the working temperature; and the pressure of the chamber, which controls the quantity
of the plasma inside. To start, we select a standard procedure for GaAs etching, with
the parameters of Table II.1, where use Argon (Ar) and silicon tetrachloride (SiCl4).
The initial temperature of the sample is 10◦C, at which the chemical reactions between
the ions of the plasma and the AlGaAs surface are still not active. They are activated
by the physical bombardment of the ion species, which increases the temperature of
the substrate, and thus starting the chemical reaction.
Ar SiCl4 ICP Power RF Power Temp Pressure Self-Bias
(sccm)1 (sccm) (W) (W) (◦C) (Pa) (-V)
9 3 25 17 10 0.1 100
Table II.1: First ICP recipe parameters used for the dry etching of the AlGaAs disks.
The results of this etching protocol are in Figure II.16a. We notice that the side-
walls of the disk are oblique, directed towards the inside of the resist mask, which is
not desirable because, although it is possible to have a WGM resonator with these
conditions, it would lead to a mismatch between the designed disk and the experi-
mental results. After several tests, we converged on the protocol of IV.1, with the
result shown in Figure II.16b. This result can be qualitatively explained as follows.
SiCl4 is more reactive with AlGaAs than with GaAs, and thus the ratio Ar/SiCl4 was
increased. The ICP source power was increased to accompany the increase in the Ar
gas, and the RF source power was decreased so that the recipe would be more gentle
with the sample. This results in more vertical and smooth sidewalls.
Ar SiCl4 ICP Power RF Power Temp Pressure Self-Bias
(sccm) (sccm) (W) (W) (◦C) (Pa) (-V)
40 3 35 13 10 0.1 80
Table II.2: Selected ICP recipe parameters for the dry etching of the AlGaAs disks.
Selective wet under-etching
To perform the selective under-etching of the GaAs pedestals, while leaving the
AlGaAs disks untouched, we use the procedure developed during the previous PhD
thesis [98]. The etchant consists of ammonium hydroxide (NH4OH) enriched H2O2
solution, which allows to control its pH [113]. The etching front is monitored by
transparency at the optical microscope (Figure II.17).
After this last etching step, the disks and the waveguides are suspended and risk
to collapse. To avoid this, after rinsing the sample with water, we place it inside an
1standard cubic centimeters (sccm)
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1 μm
1 μm
a) b)
Figure II.16: SEM pictures of the disks after ICP using the protocol of a) Table II.1 and b) Table
IV.1.
4 μm
Figure II.17: Optical microscope picture after under etching with a NH4OH enriched H2O2 solution.
isopropanol beaker and perform a drying method that we call “flash drying” [114]. This
consists in placing the sample, immersed in isopropanol over a hot plate at ∼ 200◦C.
The latter quickly dries it and avoids the collapse of the waveguides and the disks due
to the surface tension of the liquid (see Figure III.28). Isopropanol is used instead of
water because it has a lower surface tension.
To perform our measurements we use micro-lensed fibers, fabricated by AMS
Technologies, which couple to our waveguides with the help of inverted tapers.
These fibers have a cladding diameter of 125 ± 0.7 µm and a coupling distance of
12 ± 2 µm. Cleaving the sample after the end of the inverted taper tips is not an
option, since we do not possess any cleaving system that can cut the sample up to
a precison of 12 µm. Our only option is to have a very deep mesa that allows us to
approach the fibers to the waveguides. By doing so, we can reach a precision up to
1 µm in the best case. The protocol for the fabrication of a deep mesa was developed
for the AlGaAs snake-shaped waveguides, and it is detailed in III.2.1. Once the sample
is finished, it is put in isopropanol and “flash dried”
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2 μm
Figure II.18: SEM picture of the finished sample - sample A.
4 μm
Figure II.19: SEM picture of the finished sample - sample B.
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II.3 Experimental Results
In this section, I will discuss the linear and nonlinear optical results obtained with
samples A (with the single disks), and the linear measurements on sample B (with
integrated bus waveguides). The same measurements as in [98] were performed in
sample A to verify if the replacement of the e-beam resist and the reflow procedure
after the lithography improved the quality of the disks. Only linear measurements
were performed on sample B because the size of the disks were not suited to obtain
phase matching. Besides the advantages of a monolithic sample mentioned above, the
main reason why we switched to a monolithic sample is because we want perform a
high precision etching process called PEC etching, developed in the DON group [115],
to match perfectly the interacting resonances at ω and 2ω, as it is explained in II.3.2.
The linear measurements consist of transmission measurements that allow us to
identify the interacting modes at FF and SH, and thereby select the appropriate disks
for SHG. The nonlinear measurements allow us to observe SHG, as predicted in the
simulations.
II.3.1 Measurements on sample A
Fabrication of a tapered fibre
The measurements were performed on suspended Al0.4Ga0.6As disks of thickness
h = 155 nm and radius varying from 1.8 to 2.2 µm. As mentioned in II.1.2 the
characterization on this sample is performed using a tapered fibre that is fabricated in
our laboratory just before the measurements are performed. The fabrication method,
using a thermoelectric ceramic micro oven (µ-oven) heater, was developed in the DON
team, with which we obtain high-quality tapers [116]. 1.55 μmlaserPD
μ-ovenTS1 TS2
2 cm
1 mm
Figure II.20: Fabrication of a tapered fibre using a µ-oven. Lengend: translation stage 1 (TS1);
translation stage 2 (TS2); micro oven (µ-oven); photodiode (PD).
We use the SMF-28e+r fibre both for the linear, FF and SH, and nonlinear ex-
periments. The setup for the fabrication of the tapered fibres is represented on Figure
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II.20. The µ-oven is heated up to 1200◦C, the fibre is placed inside it and pulled at
each end by translational stages. The transmission is measured using an near infrared
(NIR) laser and a photodiode (PD) at each end of the fibre and it results in the typical
graphic of Figure II.21. At the beginning we observe a decrease in the transmission
(zone a) as the cladding and core start to merge. Shortly after, we recover some of
the initial transmission but the fibre becomes multimode (zone b) as its thickness de-
creases, which can be observed by the oscillations in the transmission spectrum, and
it will end once it becomes single-mode again (zone c). We pull a total of ∼ 40 mm
(∼ 20 mm at each side) and the resulting fibre has a thickness of ∼ 1 µm.
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Figure II.21: Transmission measurement vs. time during the fabrication of a tapered fibre: a) after
120 s of heating, when the stages start moving in opposite directions; b) the fibre becomes multimode;
c) the fibre goes back to being single-mode.
Linear Measurements
Experimental Setup. The experimental setup used to perform the loss measure-
ments is shown in Figure II.22 and it is similar to Ref. [98]. We use a Tunics laser in
the range of 1500 − 1620 nm for the measurements at ω and Titanium-Saphire laser
operating at 700− 1000 nm (M2 laser) for the measurements at 2ω. The light passes
through the fiber polarization controller (FPC) being injected in the tapered fibre,
coupled with the disk and it is collected using indium galium arsenide (InGaAs) PD
(ω) or a Si PD (2ω). The sample and the tapered fibre are placed in a plexiglass box,
where micro piezoelectric stages allow us to move the sample and the fibre separately.
The sample is connected to a Peltier module to stabilize the temperature. To observe
the placement of the sample and the fibre, a microscope objective is used with a CCD
camera, and a white light source with the configuration of Figure II.22.
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Si PD
InGaAs PDTUNICS
FPC
M2
BS
CCD camera
Obj. white lightsource
Figure II.22: Schematic of the experimental setup for the linear measurements: fiber polarization
controller (FPC); InGaAs and Si photodiodes, (PD); microscope objective (Obj.); beam spliter (BS);
red path for measurements at ω and blue path at 2ω.
Transmission Measurements. The transmission measurements at the FF and SH
are represented in Figure II.23. It is possible to identify the WGM on the spectrum
at the wavelengths where the transmission drops. This is due to the fact that the
light at the disk’s resonance will remain inside the disk during τph, before it decays
due to either intrinsic or coupling losses. At FF, the taper is placed at the position
that provides the best contrast, near critical coupling. At SH, the modes can only
be observed when the fibre is stuck to the disk. Comparing these results with the
simulation of Figure II.2, the disk’s WGM are easily identified.
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Figure II.23: Transmission measurement at the a) FF and b) FF of the WGM of the disk.
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The WGM transmission dips have a Lorentzian shape. It is straightforward to fit
a Lorentzian function at each experimental curve and obtain the associated loaded
quality factors QL, using, QL = λ/∆λFWHM.
At FF, the QLω factors ranged from 2 × 104 to 3.5 × 104, measured at a position
near critical coupling, and, therefore a maximum value of intrinsic Q factor, Qintω '
2QLω = 7 × 104 was obtained. In the previous thesis [98], the maximum Qintω at FF
was 4.1× 104. This small improvement may me due to the effort in obtaining a higher
quality e-beam resist mask. The Qintω obtained here is very near the physical limit
of Qradω = 1.1 × 105 (see II.1.1), which may be possible to reach. In Ref. [78], the
DON reported a 2.3 fold improvement of the Q factor due to the surface treatment
of a GaAs microdisk by atomic layer deposition (ALD) of a 5 nm layer of alumina
(Al2O3). The maximum Q factor obtained was 6 × 106, on a disk of R = 5 µm,
measured in the C-band. However, we can also learn from this reference that the Q
values from the GaAs microdisks before Al2O3 were ∼ 106. These microdisks have
the same fabrication method as our AlGaAs cavities, which leads us to conclude that
the presence of Al is the cause for the lower Qs, causing more sidewall oxidation and
subsequent absorption. In the future we may reduce the Al content from 40% to 18%
to limit this issue.
At SH, it was obtained a QL2ω factor of 1.1×103 under severe under-coupling, where
we may consider Qint2ω ≈ QL2ω. This is again only a small improvement with respect
with the previous best results [98] of 8.2×102. Although Qrad2ω = 5.3×109 is far higher
than Qradω , the scattering loss caused by surface roughness is more important at lower
wavelengths. A surface treatment by ALD may considerably improve Qint2ω .
Nonlinear Measurements
TASi PDTUNICS
FPC
CCD camera
BSwhite lightsourceObj. Lock-in
Figure II.24: Schematic of the experimental setup for the nonlinear measurements: fiber polarization
controller (FPC); Si photodiodes, (PD); transimpedance amplifier (TA) ; microscope objective (Obj.);
beam spliter (BS); red path for measurements at ω and blue path at 2ω.
Experimental Setup. The experimental setup employed to perform the nonlinear
measurements is shown in Figure II.24. With the FPC we select the TE polarization
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to inject in the fibre. A small part of the light is then converted to its SH and then
collected by the Si PD, which is connected to a transimpedance amplifier (TA) and
a lock-in amplifier. In front of the Si PD we place a band-pass filter (not shown
in the figure) at our working wavelengths, to minimize any possible noise from the
environment. The necessary light modulation for the lock-in is provided by the Tunics
internal modulation signal at 7.2 kHz. The temperature is maintained stable at T =
20◦C to assure the reproducibility of the results.
Second Harmonic Generation. The nonlinear measurement was performed with
an incident power of P inFF = 3.5 mW at a temperature of 20◦C, in a cavity with
QLω = 2.3× 104 and QL2ω = 1.1× 103. In Figure II.25b is represented the SH intensity
spectrum vs. pump wavelength. The overlap between the modes is in Figure II.25a,
with a difference in wavelength ∆λ = λω − 2λ2ω = 0.8 nm, with λω = 1574.6 and
λ2ω = 786.9. The SH signal is red-shifted, possibly due to the thermo-optic effect
induced by the high-power injected in the cavity. It is only possible to observe SHG
when the fibre is stuck to the disk.
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Figure II.25: a) c) Wavelength mismatch of the interacting modes, d) SHG signal c) Logarithmic plot
of P inFF vs P outSH with a linear fit.
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To obtain the conversion efficiency of this signal, the SH output power is calculated
using,
P outSH =
pi√
2
Vlock−in
GampliηPDηfilterηlens1ηlens2Tfibre
, (II.3)
where Vlock−in is the lock-in readout, Gampli = 108 V/A is the amplification of the
TA, ηPD = 0.45 A/W is the responsivity of the Si PD, ηfilter is the band pass filter
transmission at 780 nm, ηlens1 = ηlens2 = 0.92 the transmission of the two bi-convex
lenses used to focus the SH signal into the PD, and Tfibre = 0.3, the fibre transmission.
The conversion efficiency is then obtained using ηSHG = P outSH /(P inFF)2, with a result
of 2.8×10−6 W−1, which is considerably smaller than the one obtained in the previous
work [98]. From the simulations, the radius of the disk was obtained, with the value
R = 1.907 nm.
To confirm that we are observing a SH conversion signal, on the same disk, I
performed several measurements at different input FF powers to verify the quadratic
dependence of the output SH power on P inFF, P outSH = ηSHG(P inFF)2. The result in Figure
II.25c with a linear fit logarithmic plot of P outSH vs P inFF, shows a line with a slope of
1.93, confirming the SHG.
Although the Q factors at both frequencies were higher when compared with the
previous work, the SHG had a considerably smaller conversion efficiency. This may
be due to the smaller overlap between the modes at the SH and FF, since when the
Q factor increases, the linewidth of the resonances decreases. Even though we aim
at having a vanishing wavelength mismatch ∆λ = λω − 2λ2ω = 0, it is still possi-
ble to observe frequency conversion with small values of ∆λ 6= 0, with a decrease in
conversion efficiency, due to the spectral width of the resonances of the interacting
frequencies, which still allows a nonlinear spectral overlap. This spectral width, nev-
ertheless, decreases when the Q factor increases, and the condition ∆λ = 0 becomes
more stringent. The solution for this issue may come from a PEC etching technique
developed in the DON group [115].
II.3.2 Measurements on sample B
The PEC etching technique can be adapted to our case: a disk with R > 1.903
and, therefore, with λω > 2λ2ω, can be precisely etched until it reaches the desired
size. The procedure is the following: if a drop of water is placed over the disk, which
is then excited at its resonance frequency, the disk is slowly etched until λω = 2λ2ω
is attained. Both frequencies will have to be monitored in real time while the disk is
excited at its resonance frequency. It is also reported in [115] an increase in the Q
factor after the PEC etching.
For that we need a sample with an integrated bus waveguide, as the tapered fibre
would be too fragile to be immersed in a drop of water, and its position would vary
in time with respect to the disk. Integrating a monolithic bus waveguide also brings
several advantages such as reproducibility of the measurements, since not only the
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width of the tapered fibre is not reproducible, but also the SH measurement changes
as a function of its position with respect to the disk. The fact that we stick the fibre to
the disk to perform this measurement, creates a new fibre-disk system with resonances
that are different from the ones of the individual disk, which changes with the different
position of the fibre.
Linear Measurements
Experimental Setup. The experimental setup is schematized in Figure II.26. In
the core of the setup, the sample is placed on a micro-positioned holder with 4 degrees
of freedom. A Peltier module and a thermistor are used to keep the sample at a
constant temperature. Two piezoelectric-controlled micro-positioned holders, to which
we attach a micro-lensed fibre, are placed at each side of the sample. These last two
holders have 3 orthogonal degrees of freedom. We can visually inspect the positioning
of the fibres with respect with the sample using a stereo microscope.
The laser light passes through a FPC before being injected in the sample. The FPC
fixes the TE polarization for the light at ω and TM at 2ω. The same model of FPC
is used with a different fibre that is adapted to each wavelength. The light is injected
in the waveguide through a micro-lensed fibre and it is again collected using another
micro-lensed fibre into an InGaAs PD at ω or a Si PD at 2ω. The electric signal in
the Si PD is amplified using a low-noise TA with variable gain. This measurement
was performed by I. Roland at the DON team’s laboratory.
TUNICS M2 TA
InGaAs PD
Si PDbinocular
FPC
Figure II.26: Schematic of the experimental setup for the linear measurements: fiber polarization
controller (FPC); InGaAs and Si photodiodes, (PD); ; transimpedance amplifier (TA); red path for
measurements at ω and blue path at 2ω.
Transmission Measurements. Light at the FF form the Tunics laser was injected
in the straight bus waveguide of width w = 450 nm and gap distance of g = 400 nm,
with the optimized parameters for coupling at this frequency. The obtained spectrum
is represented in Figure II.27 with an orange line. At the SH, the light from the M2
laser was coupled with the curved waveguide with the parameters w = 140 nm and
g = 250 nm and the spectrum in blue of Figure II.27 was obtained. The modes were
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labeled according to II.2. Since in this case λω < 2λ2ω, it means that the disk is
already too small for the electrochemical etching to be performed. Larger disks are
required the next time. We notice the increase of the mode’s contrast at 2ω, since, at
this frequency, it is much easier to fabricate an adapted waveguide. The QL factors
obtained were QLω = 1.5× 104 and QL2ω = 2.5× 103. Considering Qint ≈ 2QL and that
the Q factors predicted in [98] to be required to obtain SPDC in a state of the art
efficiency (0.6× 10−9 pairs/pump photon) are Qintω = 5× 104 and Qint2ω = 1× 103, it is
still necessary to improve the quality of the WGM to achieve this result.
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Figure II.27: Transmission measurements at the FF and SH with the labelling of the modes.
II.4 Summary
I obtained SHG in the tapered fibre coupled disks and I tested the first version of
an integrated double waveguide coupled disk in which the next step will be to obtain
highly efficient SHG by the method of PEC etching.
In the first part it is presented the design of the two types of samples, which includes
the dimensions of the disk that allows the SHG to occur and the dimensioning of the
fibre/waveguide that permits the critical coupling of the light. In the type A sample,
since the same fibre is used, it is not possible to obtain critical coupling simultaneously
at both frequencies FF and SH during the SHG measurement. In the type B sample,
since two waveguides were designed, each one can be dimensioned to best match each
one of the frequencies, while not interacting with the light at the frequency that does
not correspond to them.
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In the second part it was described the fabrication method that allows us to have
suspended Al0.4Ga0.6As disks in a GaAs pedestal, in both types of samples A, with
columns of simple disks align over a shallow mesa, and B with each disk coupled to
two suspended waveguides, with a deep mesa.
In the last part, the transmission measurements of both samples A and B were
realized, and the QL factors obtained. For the first sample SHG was observed, but with
a lower conversion efficiency than in previous work [98], despite the Q factors obtained
were higher. This result may be because of the smaller nonlinear overlap of the modes
at the ω and 2ω. This led us to design and fabricate the type B samples, where the
possibility of performing PEC etching will allow us to increase the nonlinear overlap
of the modes. The next step is to obtain high-quality samples where PEC etching is
possible to implement.
Despite the work made to optimize the fabrication process, the Q factors were
only slightly increased. The Qs obtained in the AlGaAs WGM resonators in Ref. [43]
are 1 − 2 × 105 at λ = 1.55 µm, ∼ 10 times larger than our results. According to
simulations, Qradω = 1.1× 105, which means there is still room to improve the quality
of the AlGaAs microdisks. This may be possible by the surface treatment using
Al2O3 ALD as in Ref. [78], where Q factors of 6 million were observed in GaAs WGM
resonators. Another benefit from ALD reported in [78], is the decrease of the thermo-
optical effect with the same coupled power, which is an important improvement, since
the lack of an efficient heat sink is a major drawback in suspended structures.
In Ref. [109] SHG was observed in aluminum nitride (AlN) microrings at pump
wavelength 1544 nm, with a 25 W−1 conversion efficiency, which is the best result
of SHG by a WGM in the C-band. The R = 30 µm AlN microring has a Q factor
of 2.3 × 105 at FF. Using the maximum intrinsic Q factors, Qint = Qrad, obtained
from simulation in II.1.1, the maximum conversion efficiency that would be possible
to obtain is 11 W−1, which means we are limited by the disk geometry, if we want to
reach a higher efficiency than [109].
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III – Suspended snake-shaped AlGaAs
nanowires for SHG
This chapter deals with suspended snake-shaped AlGaAs nanowires for SHG. Be-
sides focusing on an original nonlinear optics problem, we want to verify if the AlGaAs
suspended nonlinear photonic devices are viable.
Snake-shaped nanowires correspond to the “unrolled” version of the disk of chapter
II: a waveguide composed with cascaded half-circles, oriented along the < 110 >
direction of the crystal. This configuration does not have the advantage of the cavity
field enhancement of a resonator, but the phase-matching condition becomes more
relaxed, as a small change of the waveguide parameters simply shifts the wavelength
of phase-matching, with no effect on the conversion efficiency, unlike a WGM resonator.
III.1 Design
The shape of the suspended snake-shaped AlGaAs waveguide is shown in Figure
III.1.
φ ds R
Figure III.1: Left: snake-shaped waveguide composed of cascaded half-circles, oriented along the
< 110 > direction in the AlGaAs crystal; right: ring cavity on the same plane.
This design permits a modulation of the nonlinear coefficient d14 along the direction
of propagation of the light, −→ds. The tangent vector−→dsmakes a angle φ with the< 100 >
direction. If the injected light at the fundamental frequency (ω) is TE polarized (in the
plane of Figure III.1) and the converted second harmonic (2ω) light is TM polarized
(along the < 001 > direction), then the effective nonlinearity, deff , can be evaluated
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deff =
1
2d14 sin (2ϕ). (III.1)
We can observe its shape in Figure III.2 for the waveguide of Figure III.1, as a
function of the light’s propagation distance s. Its period is Λ = 2Lc = piR, with R the
radius of curvature of the waveguide and Lc the coherence length; deff changes sign
over a distance Lc.
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Figure III.2: deff as a function of s for the waveguide of Figure III.1.
III.1.1 Coherence Length
Our purpose is to perform SHG by injecting light at the telecom range, in the
near Infra-Red (IR) (λω ∼ 1550 nm) and collect the converted light in the visible
(λ2ω = λω/2 ∼ 775 nm). For type I phase matching, if the interacting two photons at
ω are TE polarized, then the photon 2ω will be TM polarized.
The waveguide is described by the following parameters, that we can observe in
Figure III.3:
• Al fraction, x; thickness, h; radius of curvature, R; width, w.
In this section we used a home-made finite-element code to design our waveguides.
We start by choosing x. To work in the C-band (λω > 1500 nm and λ2ω > 750 nm)
we need x>0.18. But if we increase x, χ(2) and the conversion efficiency decreases.
For x<0.2, χ(2)AlGaAs > 0.8χ
(2)
GaAs [117], which is still interesting to our purpose. Another
important factor, considering the composition of our sacrificial layer, Al0.8Ga0.2As, is
the selectivity of the etchant solutions. An aqueous solution of fluoridric acid has
a selectivity higher than 105 between Al0.8Ga0.2As and AlxGa1-xAs for x<0.3 [118].
Taking into account these factors, we choose x=0.19.
The coherence length of a straight waveguide is given by
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h
w R
x
Figure III.3: Parameters for the design of a snake-shaped nanowire.
Lc =
pi
∆k =
pi
k2ω − 2kω =
= λ4
1
neff2ω − neffω
, (III.2)
with λ2ω = λω/2 = λ/2, and neff the effective indices of the waveguide modes. neff
is obtained from the mode profiles of a straight waveguide. Since we want to design
curved waveguides with R w, this is a sufficiently good approximation. Looking at
(III.2) we conclude that a large R (and thus large Lc), implies that (neff2ω − neffω )→ 0.
In principle there is no difference between a waveguide of width w = l1 and thick-
ness h = l2 that will guide a mode TE(or TM), and a waveguide of width w = l2
and thickness h = l1 that will guide a mode TM (or TE). In practice, the horizontal
surfaces that are epitaxially grown have much less roughness than the lateral surfaces
that are etched vertically. This is one reason to choose the mode at 2ω to be TM
polarized (its electric field oscillated vertically) and the mode at ω TE polarized (its
electric field oscillated horizontally), since the smaller the wavelength, the higher the
surface scattering losses caused by the same roughness. The other reason is that,
choosing these polarizations, we only have neff2ω ∼ neffω for a waveguide with a large
aspect ratio, (w  h), and there is less practical effort and cost to epitaxially grow
thinner layers.
In Figure III.4 we have the values of neffω and neff2ω for a wavelength of λω = 2λ2ω =
1570 nm. We can observe that for a certain value of w, neff2ω = neffω . So in theory it is
possible to have an arbitrarily big radius.
Figure III.5 shows the phase mismatch
∆k = 4pi
λ
(
neff2ω − neffω
)
, (III.3)
calculated for a few values of h. We chose the thickness and height in order to have the
phase-matched pump wavelength in the tuning range of our Tunics laser. Observing
the results of Figure III.5, we fix h = 123 nm.
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Figure III.4: Effective refractive indexes of a TE polarized mode at λω = 1570 nm and a TM polarized
mode at λ2ω = 785 nm in a waveguide of h = 123 nm.
In Figure III.6a we plotted ∆k for a fixed h = 123 nm and in Figure III.6b ∆k
is represented for a fixed pump wavelength 1570 nm.. The dashed magenta straight
line in Fig. III.6a corresponds to a waveguide width w = 1 µm. Fixing R = 50 µm,
the two white dots are the two wavelengths of phase matching λ1 = 1568 nm and
λ2 = 1572 nm, one being below and the other above the ∆k = 0 line, corresponding to
the same finite value of Lc = pi/∆k = piR/2, and ∆k = 0 to Lc →∞. Having Lc →∞
means that exact phase matching is also possible in the experimentally accessible pump
wavelength range. Therefore, we predict type 1 birefringent phase matching between
a TE00 mode at a wavelength λω = 1570 nm and a TM00 mode at λ2ω = 785 for a
rectangular cross section with thickness h = 123 nm and w = 1 µm, as it is clear from
Figure III.4. In Figure III.7 we plot the profile of the interacting field components in
the waveguide.
A study of the number of guided modes at the fundamental frequency is also
necessary. In Figure III.8 we can observe that at ω, the waveguide is laterally single-
mode for w < 0.79 µm and double-mode at 0.79 µm < w < 1.23 µm, which means
that for the width that interests us, the waveguide is laterally double-mode. This is
sufficient because the overlap integral between the TE00 and TE01 modes is zero, which
means that it is possible to couple light only into the fundamental mode by focusing
it on the center of the waveguide input facet.
Vertically, for h = 123nm, the waveguide is single-mode at both ω and 2ω. For
w = 1 µm and h = 123nm, at ω, there are 3 TM modes and 5 TE modes, although, for
frequency conversion, this fact is less important because phase-matching only exists
between the TE00 at ω and TM00 at 2ω, for a waveguide of this dimensions, being the
TM00 mode the only mode existing at the SH frequency when we inject light in the
waveguide at the FF.
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Figure III.5: Phase mismatch ∆k (µm−1) as a function of pump wavelength, λ, and waveguide width,
w for a fixed thickness a) h = 115 nm, b) h = 120 nm, c) h = 125 nm, d) h = 130 nm.
III.1.2 Losses
SHG conversion efficiency is limited by the losses, which may arise from several
sources:
1. Radiation at the bent interface between the waveguide and the air (bending
losses)
2. Mode overlap mismatch at every inversion of the curvature (overlap mismatch
losses)
3. Non ideal end-fire power coupling into and out of the inverted tapers
4. Absorption by surface states due to fabrication imperfections
5. Surface scattering
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Figure III.6: a) Phase mismatch ∆k (µm−1) as a function of pump wavelength, λ, and waveguide
width, w for a fixed thickness h = 123 nm, w = 1 µm (pink line), phase-matching for λ1 = 1568 nm
and λ2 = 1572 nm.
-1.5  -1.0  -0.5  0  0.5 1.5 
-1.5  
-1.0  
-0.5  
0  
0.5  
1.0  
1.5  
z 
ax
is
 (
µm
)
x axis (µm)
1.0 
|Ex| (V/m)
5 
10  
15  
20  
25 
-1.5  -1.0  -0.5  0  0.5 1.5 
-1.5  
-1.0  
-0.5  
0  
0.5  
1.0  
1.5  
z 
ax
is
 (
µm
)
x axis (µm)
1.0 
|Ez| (V/m)
2  
4  
6  
8  
10 
a) b)
Figure III.7: Profile of the interacting field components in the waveguide: a) TE00 at λω = 1570 nm
and b) TM00 at λ2ω = 785 nm.
Let us calculate the loss coefficient, α, associated to Figure III.9.1 and III.9.2. This
calculation is done after a propagation distance corresponding to 2pi, or four quarters
of a circle. From the definition of the loss coefficient,
Pout = Pine−αL, (III.4)
where Pin and Pout are the output and input power of the waveguide, respectively and
L = 2piR is the propagation distance. With T = Pout
Pin
the transmission of the power in
a waveguide, the loss coefficient can be calculated,
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Figure III.8: Effective indexes of the TE00, TE01 and TE02 modes vs w for h=123 nm.
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Figure III.9: Sources of losses in a snake-shaped waveguide: 1) bending losses and 2) overlap mismatch
losses.
α = − 1
L
ln(T ). (III.5)
Bending losses
To obtain the bending losses, I calculated the quality factor, Q of a ring with the
same radius, width and thickness of the waveguide. For that I used the commercial
eigenfrequency solver of Comsol.
From the simulation, we obtain a complex eigenfrequency ω0 = Re{ω0}+ iIm{ω0}
and its quality factor is
Q = Re{ω0}2Im{ω0} . (III.6)
From the definition of the quality factor (I.46), we can deduce the transmission in
energy after the light travels the a distance corresponding to an angle 2pi.
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dU
dt
= −ω0
Q
U ⇔ U(t) = U0e−
ω0
Q
t, (III.7)
U(t) = U0e−
2pif0
Q
t = U0e−
2pi
Q
t
T0 = U0e−
2pi
Q
no , (III.8)
where no is the number of oscillations of the light in the waveguide.
U = U0e−2pi
no/m
Q/m = U0e−2pi
nt
F , (III.9)
where nt is the number of complete 2pi round-trips, F = Q/m is the finesse and m the
azimuthal number. Therefore we obtain the transmission after 2pi
T1 =
U
U0
= e−2pi 1F . (III.10)
From the definition of finesse - if the cavity has a finesse of F = 2pi, this means
that the energy of the field is reduced by a factor 1/e after one round trip - the result
in Eq. (III.9) is coherent.
Using (III.10) and (III.5) with T = T1, we obtained, for the same h = 123 nm and
different values of w and R, the results of the loss coefficient α in Figures III.10a at ω
and III.10b at 2ω.
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Figure III.10: Bending losses as a function of R for different w at a) ω and b) 2ω.
The values of α are smaller at 2ω for the same parameters of w and R, for the same
reason Qrad is higher at 2ω: the guided mode is more confined inside the waveguide,
interacting less with the bent interface between AlGaAs and air.
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Overlap mismatch losses
An important source of losses arises from the change of curvature in the waveguide.
Since the guided mode tends to be shifted to the outer edge of the waveguide, a decrease
of the mode overlap occurs at the points where the curvature inverts (see Figure III.9
b).
To calculate the overlap mismatch, I use this definition of overlap integral between
two modes, 1 and 2 right before and after the inversion of the curvature [119],
overlap =
∣∣∣∣∣∣Re

(∫ ~E1 × ~H∗2 · d~S) (∫ ~E2 × ~H∗1 · d~S)∫ ~E1 × ~H∗1 · d~S
 1
Re
(∫ ~E2 × ~H∗2 · d~S)
∣∣∣∣∣∣ , (III.11)
This overlap is defined as the fraction of power from mode 1 that can propagate
in mode 2, so we can consider it as the transmission after the light passes through a
point where the curvature inverts, T2 = overlap. In a propagation equivalent to 2pi,
there are two points where the curvature is inverted, thus the overall transmission is
T = T1 × T 22 .
If we consider both the bending losses and the overlap mismatch losses, we get the
results of Figures III.11a and III.11b.
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Figure III.11: Loss coefficient as a function of the Radius for different widths for a) ω and b) 2ω.
The reason why there are such huge losses for large waveguide widths, specially
at 2ω, is because of the large aspect ratio w/h. When the waveguide is curved, for
a small radius, the mode does not get well confined at the center, having a smaller
overlap at the inversion of the curvature. This effect is even more important for smaller
wavelengths.
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One way to decrease (theoretically eliminate) this source of losses would be to make
an adiabatic transition in the change of the curvature, either by using a sinusoidal
shaped waveguide [71] or other types of waveguide bends like the Euler’s method of
natural equations [120]. When the abrupt curvature change is eliminated, the value
of the mode overlap mismatch loss is zero, and the expected loss decreases to the one
of Figures III.10. However this optimization goes beyond the scope of this work, and
we get contented with the low losses associated with R = 50 µm, for which α2ω = 0.6
cm−1 and αω ∼ 0.
III.1.3 Conversion efficiency
As shown by Eq. (III.1) and Figure III.2, deff is not constant as a function of s.
deff(s) can also be expanded in a Fourier series, yielding [121].
deff(s) = d14f(s) = d14
∞∑
l=−∞
Fle
iGls, (III.12)
where
Gl = l
2pi
Λ , Fl =
1
Λ
∫ Λ
0
f(s)e−iGlsds, Λ = piR.
In the case of non constant deff(s), to calculate the (lossless) conversion efficiency
we would have to use (see Appendix A.2)
ηSHG(L) =
2ω2d214
n2ωn2ω0c
3 |Iov|2
∣∣∣∣∣∣
∞∑
l=−∞
Fl
ei∆KlL − 1
i∆Kl
∣∣∣∣∣∣
2
, (III.13)
where |Iov| is the nonlinear overlap integral. Since Eq. (III.1) has a sinusoidal shape,
the only elements that are non-zero in Equations (III.12) and (III.13) are the ones
with l = 1 and l = −1, with G±1 = ±2/R. Therefore we use
ηSHG(L) =
2ω2d214
n2ωn2ω0c
3 |Iov|2L2sinc2
[(
|∆k| − 2
R
)
L
2
]
, (III.14)
which corresponds to the conversion efficiency on a straight waveguide, with a constant
deff , in which it was replaced ∆k → |∆k| − 2piΛ = |∆k| − 2R in the argument of the sinc
function (see Appendix A.1).
From Eq. (III.14) the lossless conversion efficiency spectrum as a function of the
pump wavelength can be plotted in Figure III.12, where we used h = 123 nm, w =
1 µm, R = 50 µm and L = 4×2piR the total length of the waveguide, being composed
of 4 spatial periods. We can observe that there are two “sinc2-shaped” peaks in this
spectrum that are centered around λ = 1.57 µm. Each one of these peaks correspond
to two phase matching conditions,
∆k = k2ω − kω = G1, (III.15)
∆k = k2ω − kω = G−1 = −G1. (III.16)
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The predicted maximum conversion efficiency is 38 W−1, where d14(λ = 1.57 µm) =
115.5 pm/V [122] was used.
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Figure III.12: ηSHG (W−1) for h = 123 nm and w = 1 µm as a function of λ.
It would be more precise to include the effect of the losses that we calculated in
the previous section on the shape of the SHG spectrum. It was predicted αω ∼ 0 and
α2ω = 0.6 cm−1. Introducing these in the formula of the conversion efficiency that
considers propagation losses (see Appendix A.3),
ηSHG(L) =
2ω2d2eff
n2ωn2ω0c
3 |Iov|2L2e−(αω+
1
2α2ω)L
sin2
[(
|∆k| − 2
R
)
L
2
]
+ sinh2
[(
αω − 12α2ω
)
L/2
]
[(
|∆k| − 2
R
)
L
2
]2
+
[(
αω − 12α2ω
)
L/2
]2 ,
(III.17)
where we replaced ∆k → |∆k| − 2
R
, we obtain ηSHG = 36 W−1, only a small decrease
with respect to the expected value obtained using III.14.
The separation in length of the peaks λ1 and λ2 on the conversion efficiency spec-
trum depends on the coherence length and thus on the radius of curvature, as it is
straightforward to conclude from the relation ∆k = pi/Lc. As R decreases, λ2 − λ1
increases. We can easily derive the relation between λ1, λ2 and R,
neffλ1/2 − neffλ1
λ1
− n
eff
λ2/2 − neffλ2
λ2
= 1
piR
, (III.18)
where neffλ is the effective index at a wavelength λ. In Figure III.13a we can see
the spectrum of ηSHG for different R (with the same h and w) and the effect in the
separation of the peaks as R decreases. We observe also a broadening of each peak.
In Figure III.13b we plot λ2 − λ1 vs R.
74 Chapter III. Suspended snake-shaped AlGaAs nanowires for SHG
1.5 1.55 1.65 1.71.6
wavelength (µm)
0
0.2
0.4
0.6
0.8
1
no
rm
al
iz
ed
 c
on
ve
rs
io
n 
ef
fi
ci
en
cy
R=2µm
R=3µm
R=5µm
R=10µm
R=20µm
R=50µm
R=100µm
0 20 40 60 80 100
Radius (µm)
0
20
40
60
80
100
120
140
λ 2
-λ
 1
 (
nm
)
a) b)
Figure III.13: a) SHG spectrum vs pump wavelength for different R, using h = 123 nm, w = 1 µm
b) Separation of the peaks λ2 − λ1 vs R.
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III.2 Fabrication
In this section we describe the fabrication procedure of Al0.19Ga0.81As suspended
waveguides.
The waveguides are held by a certain number of “anchoring points”, connected to
the waveguide with thin rods. The latter have a sub-wavelength width for both, λω
and λ2ω, so as to avoid leakage. The anchoring points are suspended by Al0.8Ga0.2As
pillars, over a GaAs substrate. The measurements are performed with micro-lensed
fibers for input and output of the light, we introduce inverted waveguide tapers at each
end of the waveguide. Finally, we etch a ∼ 100 µm deep mesa, so that we are able
to approach the inverted tapers with micro-lensed fibers, as already shown in §II.3.2.
The result is sketched in Figure III.14.
Figure III.14: Suspended Al0.19Ga0.81As snake waveguide with inverted taper ends.
A protocol for suspended GaAs waveguides with inverted tapers and disks was pre-
viously developed in our laboratory [114,115,123]. However, although Al0.19Ga0.81As is
chemically close to GaAs in terms of selectivity against Al0.8Ga0.2As, I have introduced
some modifications to adapt the process to our needs.
I carried out the nanofabrication in the clean rooms of École Normale Supérieure,
Université Paris Diderot and the Centre de Nanosciences et Nanotechnologies, Campus
de Marcoussis.
III.2.1 Fabrication Overview
The main fabrication steps are represented in Figure III.15. On a properly clean
wafer, (a), we spin coat a negative-tone resist, (b), ma-N 2403 and then the pattern of
the waveguide, the inverted tapers, the anchoring points and the rods is exposed using
a eLiNE electron beam (e-beam) lithography. The non-exposed resist is then removed
with the AZ 726 MIF developer solution, (c).
The first non-selective etching process is carried out with an ICP-RIE Ar-SiCl4
based protocol, removing all the material of the first two AlGaAs layers that is not
protected by the resist, (d).
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a) MBE growth and surface cleaning b) Deposition of ma-N 2403
c) E-beam lithography and development d) ICP-RIE non-selective etching
e) Resist cleaning and S1828 deposition f) Optical lithography and development
g) Mesa etching with H3PO4:H2O2:H2O (1:1:1) h) Resist Cleaning
Al0.18Ga0.82As
Al0.98Ga0.02As
GaAs
AlOx
HSQ
S1828
i)HF etching and supercritical drying
Figure III.15: Fabrication procedure of AlGaAs snake-shaped suspended waveguides.
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After cleaning the e-beam resist, we use S1828 as a positive tone optical resist, (e),
and optical lithography to draw the mask for our mesa. The exposed resist is then
removed using a MF 319 developer (f). This mesa is defined using a non-selective
chemical etching solution of H3PO4:H2O2:H2O (1:1:1) (g).
After resist cleaning (h) a selective chemical under-etching process is made using
a Hydrofluoric acid (HF) solution of 1% concentration. The last and very important
step is to perform a critical-point drying that prevents the collapse of the waveguide
on the substrate. The final sample is represented in (i).
Epitaxial growth
Our wafer is grown at the Centre de Nanosciences et Nanotechnologies by MBE
on a (001) GaAs substrate (sample G3X032) with the following vertical layout:
• 500 nm GaAs buffer; 4 µm Al0.8Ga0.2As; 123 nm Al0.19Ga0.81As.
We chose a thick Al0.8Ga0.2As sacrificial layer to decrease the Van der Waals forces
between the resulting waveguide and the substrate.
After growth, the surface of the wafer is readily protected with a PMMA resist, to
prevent the oxidation of the sample over time.
Electron Beam Lithography
Sample preparation. We cleave from the wafer a small portion that adapts to the
size of our patterns. The waveguides is 1 mm long and we do each time 4 columns
of series of waveguides, with 2 mm separation from each other and 1 mm from the
border. This results in a sample of 12 mm width and 10 mm height, as we can see in
Figure III.16.
<110>
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Figure III.16: Schematic of the sample and the e-beam patterns.
The surface cleaning process is similar to the one in II.2.1.
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E-beam resist deposition. Taking into account that in the dry etching process we
etch a dept of 4 µm with a procedure of selectivity 20 between the material and the
ma-N resist mask (200 nm of resist is etched away with the 4 µm of AlGaAs), we use
the 300 nm thin ma-N 2403 from Microresist Technology. For a spin coating with 3000
rpm speed, the nominal resulting thickness is 300 nm (Figure II.13 a). As in II.2.1,
we will use the HMDS adhesion promoter to obtain the most uniform layer of resist.
The steps to follow are:
• 5 minutes dehydration on a hot plate at 150◦C;
• spin coat HMDS, parameters: acceleration 2000 rmp/s; speed 6000 rpm; time
30 s;
• 1 minute waiting before the next step.
• spin coat ma-N 2403, parameters: acceleration 1000 rmp/s; speed 3000 rpm;
time 30 s;
• 65 seconds soft-baking at 95◦C.
A uniform greenish color is indicative of an uniform deposition. The sample needs
to be protected from light until the start of the e-beam lithography, since this resist
is also photo-sensitive.
E-beam lithography. We will use the Raith eLINE system for the e-beam lithog-
raphy. This machine has two kinds of exposure systems: exposure by Writefield; and
Fixed Beam Moving Stage (FBMS).
The Writefield exposure divides the desired pattern in squares or writefields of
a given size (often used the 100µm × 100µm size). The stage moves and positions
itself in a way that the SEM focus is at the center of the first writefield and then
the electron beam is deflected in the desired direction to expose the resist (see Figure
III.17a and b). If well regulated, it will place the different writefields with a precision
of 20 nm with respect to one another. In any case, the mask is “cut” at the limit of
each writefield (Figure III.17c).
For us it is more interesting to use the second system, FBMS, since we plan to
fabricate 1 mm long waveguides and we don’t want to risk having any discontinuities.
As it is clear by its name, in the FBMS mode, the electron beam is fixed and the
stage is homogeneously translated along the path of the waveguide. We draw the
waveguides with the FBMS mode and the other features (inverted tapers, anchoring
points, bridges) with the writefield patterning mode (see Figure III.18).
The snake shaped waveguides are composed of 16 quarters of a circle (or 4 spatial
periods) and a 100 µm long straight segment at each end, for coupling purposes.
Each waveguide is patterned as one individual object (except for the inverted tapers)
and the stage where the sample lies moves homogeneously along all the length of the
waveguide.
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aperturebeam deflectionsystem
electron beam
sample
a) b) c)
Figure III.17: a) E-beam exposure of a sample [124]. b) Placement of a drawing to be imprinted on
the resist with respect to the writefields. c) If the alignment is not sufficiently well performed, we
can observe discontinuities on the resulting mask.
The rods need be much narrower than the wavelength inside the material at 2ω,
which is λ2ω/neff2ω = 785/1.92 nm = 408 nm. Knowing this, we choose a width of 100
nm.
The inverted tapers are triangularly shaped with a base of the width of the waveg-
uide and 7.5 µm long. This length is a compromise between the adiabaticity of the
coupling and the length that a suspended structure can hold without bending. This
inverted taper will improve the coupling between the fiber and the waveguide, having a
maximum predicted coupling efficiency at ω of 80% and 45% at 2ω. With only cleaved
tapers, we predict a coupling efficiency of 30% and 10% at ω and 2ω, respectively.
Figure III.18: Schematic representation of the patterning modes on the drawing: FBMS (green) and
writefield (red) exposure modes.
For the FBMS mode we choose DFBMS = 100 µC/cm2 and for the writefield mode
an average dose of DWF = 120 µC/cm2, going from a dose of 0.6DWF at the anchoring
points to 1.5DWF at the bridges and 2DWF at the tips of the inverted tapers.
We will also draw a line along each side of the column of waveguides, at a 80 µm
distance from the tips of the inverted tapers (see Figure III.16), with the writefield
patterning mode, which will be of use for the fabrication of the mesa as we understand
in III.2.1 After placing the sample on the SEM chamber, setting the acceleration
voltage at 20 keV, the aperture of the beam at 10 µm and performing the different
alignment procedures, we launch the automatic e-beam lithography process.
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Resist development. The developer solution that is used is AZ 726 MIF and the
steps are the following:
• 30 seconds dip in AZ 726 MIF and 60 seconds in DIW
• x steps of 10 seconds AZ 726 MIF and 30 seconds in DIW with optical microscope
observation
• 20 seconds RIE of a standard recipe with pure O2
With the doses used in the lithography, the total time of development in AZ 726
MIF is between 60 s and 70 s. We observe that most of the resist goes away within the
first step, but the areas close to the anchoring points need additional 30 to 40 seconds
to be completely cleared. Agitation is necessary to help the unexposed resist release
from the substrate. The speed of the reaction between the developer solution and the
exposed part is much lower than with the remaining resist, but still greater than zero.
If developing times much longer than 60 s are needed, it is recommended to decrease
the dose on the areas that take too long a time to be developed (which means that
they are overexposed, like in Figure III.19a), as on the other parts of the mask the
exposed resist starts to be overdeveloped (Figure III.19b), increasing the resist edge
roughness.
Once the development is done, there are still some remaining resist “feet” around
the mask. The last RIE of pure O2 is done to remove these feet and guarantee a
vertical sidewall of the resist mask, ideal for the next dry etching step.
Non-selective dry-etching
To perform a non-selective etching of Al0.19Ga0.81As and Al0.8Ga0.2As we use an
ICP-RIE machine from Sentech Instruments GmbH. The recipe used here is the same
that was optimized before to dry etch Al0.4Ga0.6As disks (see II.2.1), whose parameters
are summarized in Table III.1, since after the first try with this recipe the results where
very satisfactory in terms of the verticality and roughness of the etched sidewalls.
Ar SiCl4 ICP Power RF Power Temp Pressure Self-Bias
(sccm) (sccm) (W) (W) (◦C) (Pa) (-V)
40 3 35 13 10 0.1 80
Table III.1: ICP recipe parameters for the dry etching of the snake-shaped waveguides.
The sample is observed at the SEM after this step (Figure III.20). The etched
sidewalls are vertical, and this is important specially for those of the Al0.19Ga0.81As
layer, which correspond to the waveguide.
At this point, we cleave the sample to separate each column of waveguides. The
e-beam resist is removed by rinsing it in acetone, and we leave the samples in an
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a) b)
500 nm
100 µm
c) d)
Figure III.19: SEM pictures of a) overexposed (or underdeveloped) resist mask, b) underexposed (or
overdeveloped) resist mask, c) ideal resist mask. d) Optical microscope picture of the resist mask.
2 µm
20 µm
a) b)
Figure III.20: SEM picture of the sample after ICP.
isopropanol beaker to avoid exposing the Al0.8Ga0.2As to air, as it creates an oxide
layer, which re-deposits on the sample after the under-etching step, and it also changes
its etching rate.
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Mesa fabrication
In this type of structure the mesa needs to be deep (around 100 µm) so that we
are able to approach the 125 ± 0.7 µm diameter micro-lensed fibers that we use for
the measurements to the tips of the inverted tapers. The resist mask of the mesa is
patterned using optical lithography. This is performed using a photosensitive resist
and a metal on glass mask, in which our patterns were previously drawn. The metallic
mask is placed and aligned in the desired position and the area of the resist that is not
covered by the mask is exposed to Ultra-Violet (UV) light. If we use a positive tone
photoresist, the resist on the exposed areas are removed, while the un-exposed resist
is left intact to turn into the resist mask.
Optical Lithography.
Photoresist deposition. For the choice of our resist we have to consider that
our structures are 4 µm high, that the resist needs to cover them entirely, and that
we need it to be transparent to be able to control the etching front progression, as
we will understand later in the etching process. For the last requirement we choose
the photosensitive resist Microposit S1800 series, in particular the S1828, which when
spin coated at a speed of 2000 rpm has a thickness of 4270 nm. A calibration of spin
speed vs film thickness for the Microposit S1800 series resist was done in our clean
room facilities, that we can observe in Figure III.21.
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Figure III.21: Spin results for S1800 series. Fit curves y = 5485 exp(−x/1978) + 2272 (orange), y =
3551 exp(−x/1995)+1391 (blue), y = 4011 exp(−x/1779)+1260 (red), y = 1356 exp(−x/1649)+467
(green).
We deposit the optical resist, following the steps:
• remove the sample from the isopropanol beaker and blow dry with the N2 gun;
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• spin-coat S1828, parameters: acceleration 2000/9 rpm/s; speed 2000 rpm; time:
30 s;
• 3 minutes baking at 120◦C.
We observe that the resist layer is homogeneous at the center, but since the sample
is too thin (approximately 3 mm wide) and because of surface tension there are bumps
at the edges of the substrate (see Figure III.22a) that need to be dealt with in a proper
way.
Optical lithography and development. We have at this point 4 samples with
dimensions 2 × 10 mm with a photo-resist film. To remove these bumps along the
longer edges, Figure III.22a, we perform 2 lithography steps: the first one to remove
(most of) the resist that is deposited on the edges (b), and the second to define the
resist mask. At the second step, the resist mask is defined along the vertical lines,
since its edge needs to be at a certain distance from the tips of the waveguides (c). We
use the etching solution H3PO4:H2O2:H2O (1:1:1), which has a vertical etching rate
that is 1 to 1.5 times the horizontal etching rate. Therefore we place these vertical
marks at a distance of 80 µm from the waveguide tips to have a ∼ 100 high mesa.
a) S1828 deposition b) first optical lithography step
and development
c) second optical lithography step d) back surface protection
and development
Al0.19Ga0.81As
Al0.80Ga0.20As
GaAs
S1800
S1828e) mesa wet etching
Figure III.22: Steps for the definition of the resist mask for the mesa.
We use a rectangular mask. In the alignment we place the mask such that only the
right edge of the sample is exposed by the UV light. Then we turn the sample around
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and we expose the left edge. Like this, each of the lithography steps is divided in two.
As a developer solution we use the alkali solution Microposit MF-319. The procedure
is the following:
• first optical lithography step, left and right UV exposure for 120 seconds each
• 20 seconds development in MF-319 and 60 seconds in DIW
• second optical lithography step, left and right UV exposure for 90 seconds each
• 40 seconds development in MF-319 and 60 seconds in DIW
This procedure was calibrated as a compromise between not too long exposure
times, that can damage the exposed resist, making it impossible to remove, and de-
veloping times that should be not much longer than 1 minute. If these steps are not
sufficient to remove the resist that is accumulated at the lateral edges of the sample, it
is necessary to perform one last lithography step of 120 s exposure and 20 seconds de-
velopment. If some resist remains at the sample edges, the underlying GaAs substrate
will not be etched and the optical measurements can not be performed.
Back surface protection. We want to etch a mesa that is ∼ 100 µm deep. As we
do it, the same thickness of back surface of the sample is etched as well. Our wafers
are originally 600 µm thick, meaning that in the end we are left with a 400 µm thick
sample which starts become too fragile and may break during handling. Therefore it
is in our interest to protect the back surface of the sample so that we loose less in
thickness.
To do so we use the S1805 photoresist. It is not possible here to spin coat the
resist, as it would damage the mask and the optical structures as well. Instead we
turn the sample around and place it in a round sample box that has a curved surface
bellow. A small drop of the liquid resist is placed on the surface and the excess is
removed using a clean room grade cloth by capillarity (see Figure III.22d).
Mesa wet etching. Once the resist mask is defined, we proceed with the wet etch-
ing. To perform the wet etching of the mesa, it is necessary a solution that is non-
selective for Al0.8Ga0.2As, Al0.19Ga0.81As and GaAs. We tested two solutions: a isovo-
lumic mixing of Hydrobromic acid (HBr), Acetic acid (CH3COOH) and a saturated
Potassium dichromate (K2Cr2O7) aqueous solution (BCK), and a solution of equal
parts of Phosphoric acid (H3PO4), H2O2 and DIW. Both of them yield good results in
smoothness of the etched walls. We decided to continue with the H3PO4:H2O2:H2O
(1:1:1), since its components are far less toxic than the ones of BCK, and it is also
transparent, allowing us to control better the position of the sample inside it, unlike
BCK, which is completely opaque. H3PO4:H2O2:H2O (1:1:1) has also the advantage
that its etching is anisotropic, etching preferentially in directions that are governed by
the crystallographic orientations such as the one of the direction of our mesa, making
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it easier to have straighter mesa edges. The etching rates are also ∼ 2 times faster
with this solution.
In Figure III.23 is schematically represented the setup that is used to perform
this wet etching step. We use a holder with acid-proof polytetrauoroethylene (PTFE)
tweezers to keep the sample inside the etching solution. A programable stirring device
that rotates a magnetic rod placed inside the beaker is used to agitate the solution.
This device can be programmed to rotate the rod clockwise (CW) for a certain amount
of time and to change direction to counterclockwise (CCW), essential to perform a
symmetrical etch of the mesa.
orthogonalflow
Figure III.23: Setup that is used to wet etch the mesa.
The position of the sample with respect to the movement of the liquid is also
important. The best results are obtained when we place the sample in a horizontal
position and perpendicular to the flow of the liquid, which means that the sample is
placed with its longer side along the radial direction of the beaker, the closest possible
to the edge of a beaker of large dimensions.
The procedure is the following:
• prepare the solution in a beaker of 120 ml: 40 ml of DIW (H2O), 40 ml of H2O2,
40 ml of H3PO4;
• program the magnetic stirrer to turn 10 seconds CW and 10 seconds CCW at a
speed of 500 rpm;
• 5 seconds dip in Hydrochloric acid (HCl) and 20 seconds in DIW to remove the
native oxides;
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• introduce the sample in the etching solution for tn minutes;
• 2 minutes rinsing in DIW to stop the etching.
The total etching time is around 20 minutes, with a lateral etching speed of ∼
4 µm/min. This total etching time is divided in smaller n times of duration tn so that
we are able to control the progression of the etched front. The etching speed may
change with slight variations of the concentration of each component, temperature of
the solution and aging of the chemical products. There is also a change of the rate on
the same etching procedure, since it seems to increase at the end, and thus the need
to stop it to control the progression at the optical microscope.
We can observe in Figure III.24 an optical microscope picture of the etched mesa.
200 µm
Figure III.24: Optical microscope image of the sample after the mesa wet etching.
The optical resist and some remaining of the e-beam resist are removed by placing
the samples in a photoresist stripping bath of SVC14 at 70◦C for an hour. After that,
the samples are rinsed in isopropanol and placed back in a isopropanol beaker before
under-etching.
Selective wet under-etching
The next step is to under etch the sacrificial layer of Al0.8Ga0.2As to release the
suspended waveguides and leave only a pedestal under the anchoring points. For that,
we need a solution that is selective against Al0.19Ga0.81As. HF has a selectivity higher
than 105 between the AlGaAs concentrations of x=0.8 and x=0.19 [118] and it tends
to produce a smooth and isotropic etching. We also decided to test HCl as an under-
etcher, since it does not attack AlGaAs for x<0.3 [125] and it is far less dangerous than
HF. This step is the last because when the structures are suspended, they become too
fragile to do any further manipulation on them.
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Hydrochloric acid under-etching with shallow ICP. Before we decided to per-
form the non-selective dry etching through all the first two layers of our sample, a
shallow ICP etching of ∼ 200 nm was performed before the under-etching, that would
remove all the remaining 3.9 µm of Al0.8Ga0.2As (see Figure III.25). If we consider
the vertical etching speed the same as the lateral one and we want to etch the all the
3.9 µm of Al0.8Ga0.2As, the anchoring points should have a width bigger than 8 µm.
We decide to have a 10 µm wide anchoring point that would keep a 2 µm pedestal.
a) shallow ICP-RIE b) selective wet under-etching
non-selective etching (after mesa fabrication)
Figure III.25: Procedure to release the suspended structure with a shallow ICP.
To under-etch our sample with HCl we follow:
• 20 seconds dip in DIW to dissolve the isopropanol
• ∼ 3 minutes (total time) HCl:H2O (1:1) wet etching
• 2 minutes DIW rinsing
It can be observed in the Figure III.26 that the lateral etching speed of HCl is
much higher than the vertical speed and that the etching is anisotropic. Indeed, the
thickness of the pedestals at the bottom, ∼ 2.5 µm is smaller than the thickness at
the top, with a 1.5 µm tall pedestal. Since the anchoring points are 10 µm wide,
the lateral etching speed is ∼ 2.5 times faster than the vertical, leaving us with too
short pedestals and a waveguide that is too close form the substrate, with a higher
risk for collapsing (Figure III.26b). One option would be to increase the width of the
anchoring points in a proportional way, but that would lead us to increased e-beam
lithography times which are already very long (around 10 hours). Instead we decided
to use another etching solution.
Hydrofluoric acid under-etching with shallow ICP. After these results, we
decided to use an aqueous solution of 1% in volume on HF, at a temperature of 4◦C
to perform the selective under-etching step. At these conditions, HF tends to produce
a smooth and isotropic etch with an etching speed of ∼ 10 nm/s [114]. Since the
reaction products of HF are solid and poorly soluble in HF at this low concentration,
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height=1.5 µm
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a) b)
Figure III.26: SEM pictures after an HCl under-etching: a) height of the Al0.8Ga0.2As pedestals and
b) collapsed inverted taper.
they deposit on the sample, on top of the waveguides, which can be troublesome. To
dissolve these reaction products we use a 10% wt concentration aqueous solution of
potassium hydroxide (KOH) for two minutes [126].
The following steps are done:
• 20 seconds dip in KOH to dissolve the isopropanol;
• ∼ 7 minutes (total time) HF etching;
• fast dip in DIW;
• 2 minutes KOH cleaning;
• 2 minutes DIW rinsing.
Once again we tested the progression of the etching by stopping the process and
verifying at the optical microscope the evolution of the etching front. After 2 minutes
etching in HF, we stopped the process and we obtained the results in Figure III.27. We
can observe a solid deposit over the structures, although we performed the 2 minutes
KOH cleaning, as we recommended. Other trials where done, increasing not only
the temperature of KOH the solution (up to 70◦C) and the cleaning times (up to 5
minutes), with no success in obtaining a clean sample. This is when is was decided to
perform a deep ICP, to etch most of the AlGaAs before the HF step.
Hydrofluoric acid under-etching with deep ICP. After a deep ICP etching and
the fabrication of the mesa we then can proceed to the HF under-etching. In this case
it is only necessary to remove the Al0.8Ga0.2As under the waveguides and therefore at
least one minute etching time is necessary:
• 20 seconds dip in DIW to dissolve the isopropanol;
• > 1 minute HF etching;
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a) b)
Figure III.27: Pictures after 2 minutes HF etching with a shallow ICP: a) SEM picture of height of
the Al0.8Ga0.2As pedestals and a collapsed waveguide and b) optical microscope picture.
• fast dip in DIW;
• 2 minutes KOH cleaning;
• 2 minutes DIW rinsing.
Since our structures are very sensitive after they are released to be suspended,
there is no agitation that is done in the solutions, to avoid breaking them.
Supercritical drying
When we finish the selective under-etching, we neither dry the samples nor remove
them from the liquid (water or isopropanol), as the waveguides may collapse. As we
mentioned at the beginning of this chapter, the reason for this is the surface tension
of the liquid that is being dried, which pulls the waveguide towards the substrate (see
Figure III.28). Once the liquid is dry, the waveguide stays attached to the substrate
due to the Van Der Waals force.
Figure III.28: Surface tension of the liquid that pulls the waveguide towards the substrate.
In the last HF etching step, the samples undergo a DIW rinsing. Instead of drying
them out of water, we tried to pass the samples through an isopropanol beaker, since
it has less surface tension than water, and put them over a hot plate to “flash dry”.
This was still not enough to keep our samples from breaking.
Another option is to do a supercritical drying or critical point drying. We used a
supercritical drying machine from tousimis, that goes around the critical point of a
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fluid to evaporate the liquid (carbon dioxide (CO2)) in which the sample is immersed
(see Figure III.29).
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Figure III.29: Phase diagram showing the supercritical region (light blue) of CO2 [127].
In this machine, we place the sample inside isopropanol in the chamber. The
chamber undergoes a decrease in temperature and increase in pressure until we reach
the dark blue zone of the phase diagram in Figure III.29, where the CO2 is liquid. The
isopropanol is then slowly replaced by liquid CO2. The liquid CO2 is heated until the
phase of supercritical fluid (light blue zone) and the pressure is decreased back to the
atmospheric conditions where CO2 is gaseous (grey zone).
After this automatic process is finished, we can open the chamber and remove our
dry samples. We can observe the results in Figures III.30, III.31, III.32 and III.33.
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25 µm
Figure III.30: SEM picture of the finished sample - overview.
5 µm
Figure III.31: SEM picture of the finished sample - detail.
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200 µm
Figure III.32: SEM picture of the finished sample - mesa.
50 μm
Figure III.33: SEM picture of the finished sample - top view.
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III.3 Experimental Results
In this section we shall discuss the linear and non linear optical results obtained by
coupling light in the waveguides designed and fabricated during my thesis. In the first
part I will present the method used to obtain propagation losses and compare them to
our predictions. Then we shall discuss the SHG technique and results. We tested not
only the designed snake-shaped waveguides but also straight waveguides for reference
and comparison. These results were published in [70].
The measurements were performed on waveguides that are 123 nm thick and 1 µm
wide. The snake waveguides have a curvature radius R = 50 µm and a total length
0.1×2+4×2piR = 1.46 mm (0.1 mm is the length of the straight segment at each end
of the snake waveguide, connecting to the inverted waveguide taper) and the straight
waveguides have a length of = 1 mm.
III.3.1 Linear measurements
Experimental setup
The experimental setup used to perform the loss measurements is shown in Figure
III.34 and it is similar to the one in II.3.2. We use a Tunics laser in the range of
1500 − 1620 nm for the measurments at ω and Titanium-Sapphire laser operating at
700 − 1000 nm (M2 laser) for the measurements at 2ω. With the FPC we select the
TE polarization to inject in the waveguide and collect it using either a InGaAs PD at
ω or a Si PD at 2ω. The electric signal in the Si PD is amplified using a low-noise TA
with variable gain.TUNICS M2 TA
InGaAs PD
Si PDbinocular
FPC
Figure III.34: Schematic of the experimental setup for the loss measurements: fiber polarization
controller, FPC; InGaAs and Si photodiodes, PD; transimpedance amplifier, TA, red path for mea-
surements at ω and blue path at 2ω.
Loss measurements
The experimental method that was applied is described in this section. The first
step is to measure the losses on a dummy straight waveguide that is L1 = 200 µm long
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with straight ends (no inverted tapers) via Fabry Perot fringes and obtain the loss
coefficient α1. This value is underestimated since the waveguide is multimode [128],
α1 =
1
L1
ln
(R
R′
)
, (III.19)
with R′ = 1
K
(
1−√1−K2
)
, K = Tmax−Tmin
Tmin+Tmax , and Tmax and Tmin are the maximum
and minimum transmission values, respectively.
To calculate the value of the modal reflectivity, R, a 3D Finite Difference Time
Domain (FDTD) simulation was performed, at a facet of an AlGaAs waveguide that
is w = 1 µm wide and h = 123 nm thick at both ω and 2ω.
After obtaining α1, we can calculate the value of the transmission T1 that we would
have on this waveguide if we had no insertion and collection losses, which, is
T1 = e−α1L1 . (III.20)
The second step is to make a transmission measurement, T2, in a waveguide of the
same length L2 = L1 = 200 µm but with the inverted tapers at the two ends. The
purpose of this measurement is to determinate the coupling efficiency κIT between the
micro-lensed fiber and the waveguide through the inverted taper. The transmission
through this waveguide is T2 = T1κ2IT, and we can infer
κIT =
√
T2
T1
. (III.21)
Note that κIT is underestimated since α1 is overestimated. Once we have this
value, the third step is to perform a transmission measurement in our snake shaped
waveguide. As these waveguides are composed of the snake part that is Lsnake =
4× 2piR long, with 4 spatial oscillations of radius R = 50 µm and a straight segment
at each end, for coupling purposes, of length L1/2 = 100 µm each, their transmission
is T3 = κ2ITT1Tsnake = T2Tsnake, with Tsnake the power fraction transmitted only through
the snake part,
Tsnake =
T3
T2
. (III.22)
The loss coefficient of the snake shaped waveguide is,
αsnake = − 1
Lsnake
ln (Tsnake). (III.23)
In Figure III.35 are the transmission spectra with Fabry-Perot fringes at ω (a), and
2ω (b). These fringes are characteristic of waveguides that are multimode, leading to
values of α1 that are overestimated. It is possible to resolve the losses by mode in
a Fourier transform based method [129], but a rough estimation is sufficient for our
purpose.
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Figure III.35: Fabry Perot fringes on a waveguide of w = 1 µm at a) ω and b) 2ω.
Losses at ω
R α1 (cm−1) T1 T2
0.167 3.7± 0.4 0.928± 0.007 0.34± 0.02
κIT (%) T3 Tsnake αsnake (cm−1)
61.4± 0.2 0.20± 0.01 0.57± 0.01 4.5± 0.1
Losses at 2ω
R α1 (cm−1) T1 T2
0.243 38± 12 0.46± 0.11 0.0050± 0.0002
κIT (%) T3 Tsnake αsnake (cm−1)
10± 1 1.60± 0.07× 10−6 3.2± 1.5× 10−4 64± 4
Table III.2: Intermidient calculations for the determination of the loss coefficient at ω and 2ω.
In Table III.2 are the values calculated using the previous method. That the losses
at 2ω are higher than at ω - the same if we compare the transmission spectra of Figure
III.35. This happens systemalically because light with smaller wavelengths is more
sensitive to the roughness of the waveguide due to fabrication non-idealitiess. The
values of κIT obtained compare fairly well with the ones predicted theoretically of 80%
(ω) and 45% (2ω) by a FDTD simulation.
Using the values of the losses at ω and 2ω and Eq. III.17, the expected conversion
efficiency spectrum should be the one of Figure III.36a with a peak value of ηSHG = 0.97
W−1. We notice that the side lobes of the “sinc2” shaped function disappear, leaving
only the two maximum efficiency peaks. Using III.17 it is also possible do determine
the waveguide length providing the maximum efficiency (see Figure III.36b), which is
L = 0.707 mm for ηSHG = 1.24 W−1. Since the length of our fabricated waveguides
are not too far from the optimal value, we decided to continue our measurements on
them.
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Figure III.36: a) Conversion efficiency of the snake shaped waveguide with L = 1.26 mm and b) at
the wavelength of maximum conversion efficiency λ = 1567.6 nm (first peak) the conversion efficiency
vs L.
III.3.2 Second Harmonic Generation
In this section it is explained the method that lead us to observe the second har-
monic, not only snake-shaped waveguides but also in the corresponding straight waveg-
uides with the same cross section dimensions.
Experimental Setup
The experimental setup employed to perform the nonlinear measurements is shown
in Figure III.37. With the FPC we select the TE polarization to inject in the waveg-
uide. A small part of the light is frequency doubled and then collected by the output
fiber and detected by the Si PD, without the need of any band-pass filter to remove
the pump signal, since the PD is blind to the wavelengths of the pump. After the TA,
the electric signal is filtered trough a Lock-in amplifier, that removes the background
noise. The Lock-in is modulated by a signal provided by the internal pump laser mod-
ulation at 7.2 kHz. The temperature is maintained stable at T = 20◦C to assure the
reproducibility of the results.
To search for the second harmonic signal, we fast scan the pump wavelength from
1520 to 1620 nm. Once the signal is detected, we perform a fine scan around it to obtain
the real shape of the SHG spectrum. To maximize it, we fix the pump wavelength at
the maximum SHG signal and adjust the position of the output fiber to better find
the coupling position at this frequency and finely adjust the FPC.
Nonlinear measurements
Once the optimal coupling is found, using a certain pump power Pin, we obtain
a voltage signal from the lock-in amplifier, Vlock−in that can be converted into power
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binocular
FPC
TUNICS TASi PD Lock-in
Figure III.37: Schematic of the experimental setup for the nonlinear measurements: fiber polarization
controller, FPC; Si photodiodes, PD; transimpedance amplifier, TA; the light is injected at ω (red
path) and collected at 2ω (blue path).
units using
P2ω =
Pout
(κIT )2ω
= pi√
2
Vlock−in
Gampli ηPD (κIT )2ω
, (III.24)
where (κIT )2ω = 0.10 was defined previously as the coupling efficiency between the
waveguide and the micro-lensed fiber, Gampli = 109 V/A is the gain of the tran-
simpedance amplifier and ηPD = 0.45 A/W is the responsivity of the Si photodiode.
The power detected by our photodiode is Pout, which we divide by (κIT )2ω = 0.10, to
compensate for the coupling losses and to obtain the real power that comes out of the
waveguide. The inverse happens for the input power, of which a certain amount is lost,
being the real coupled power inside the waveguide Pω = Pin(κIT )ω, with (κIT )ω = 0.67.
The factor pi√2 arises from the fact that the signal that comes from the laser is modu-
lated by a square wave.
Now that we have both Pω and P2ω it is possible to calculate the conversion effi-
ciency spectra using
ηSHG =
P2ω
P 2ω
. (III.25)
In order to measure the SHG spectra, we injected in both the straight and snake-
shaped waveguides Pin = 0.8 mW. The results of the nonlinear measurements are
represented in Figures III.38a and c. We observe the conversion efficiency spectra for
the SHG measurements on a straight waveguide (thick black line) and a snake-shaped
waveguide (thick red line). On the snake spectra it shows two distinct QPM spectral
features around the wavelengths λ1 = 1591 nm and λ2 = 1596 nm, whose separation
is in agreement with the calculated QPM condition ∆k = ±2/R.
The measured peak SHG efficiencies are ηsnake = 1.2 %W−1 and ηstraight = 2.7
%W−1. The conversion efficiency at the straight waveguide is higher than the snake-
shaped one, since the nonlinear coefficient of the former is constant deff ' d14(λ =
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Figure III.38: a) SHG experimental spectra (thick lines) and calculated spectra (thin lines) using
III.14 with w = 0.82 µm for a straight (black lines) and snake-shaped (red lines) waveguide; b)
calculated map of ∆k vs. λω and w; c) the theoretical curves are calculated using (III.17) d) SHG
power at phase matching for a straight (black) and snake-shaped (red) waveguide: experimental data
(dots) and linear fits (dashed lines).
1.594 µm) = 114.6 pm/V [122], and the latter has a nonlinear coefficient that varies
in space and it is always smaller than d14 (see Eq. (III.1)). This difference increases if
we divide this efficiency for the respective lengths of the waveguides (1.46 mm for the
snake and 1 mm for the straight waveguides), resulting ηsnake = 0.86 %W−1mm−1 and
ηstraight = 2.7 %W−1mm−1, respectively.
We fit the obtained spectra using Eq. (III.14), leaving the width of the waveguide,
w, as a free parameter. The central wavelength of the straight waveguide spectrum is
best fit by the value w = 0.82±0.04 µm (dashed line in Figure III.38b), compatible with
the observed width at the SEM of w = 0.9± 0.05 µm. The theoretical SHG (lossless)
conversion efficiency curves, where we used Eq. (III.14) with w = 0.82 µm, normalized
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to the maximum conversion efficiency of the respective experimental spectra, are also
shown for the straight waveguide (thin black line) and the snake-shaped one (thin
red line). In the correspondent experimental spectra, we observe that the sinc2 is
much broader. In Figure III.38c, besides the experimental curves, we also plot the
theoretical ηSHG curves which include the propagation losses, using Eq. (III.17). We
observe that no lobes, which leads us to ascribe the above experimental broadening to
non-uniform dimensions of the waveguide along propagation. Using Eq. (III.14) the
expected theoretical conversion efficiency is 42.3 W−1, and it decreases to 1.07 W−1
when we include experimental loss with Eq. (III.17). These equations do not model
perfectly the shape of the exact shape of the waveguide. We can further improve the
prediction of the conversion efficiency with equation (A.34) in Appendix A.4, which
models the exact shape of the waveguide and includes the loss. With (A.34), we predict
a conversion efficiency of 0.0287 W−1, closer to our experimental result.
Figure III.38d shows the dependence of P2ω on Pω on a log-log scale. The experi-
mental points follow straight lines of slope ≈ 2, in an excellent agreement with what
is expected from the quadratic dependence of SHG power on injected power.
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III.4 Summary
In this chapter we reported on the SHG in suspended snake-shaped nanowires using
directionally induced quasi-phase matching. Our goal was to revisit the old concept
of the Fresnel (“zig-zag”) phase matching by Bloembergen-Rosencher-Haidar [72, 73],
in which the light changes direction in the waveguide by total successive total internal
reflections along its length.
In the first part of this chapter, we obtained the design parameters taking into
consideration the phase-matching condition and also the expected propagation losses.
In the second part we described the development of the fabrication method that al-
lows us to obtain suspended Al0.19Ga0.81As snake shaped nanowires, using Al0.8Ga0.2As
as sacrificial layer. The waveguides are suspended thanks to the support of anchoring
points, with Al0.8Ga0.2As pedestals, connected to the waveguide with thin rods.
In the third part we performed loss measurements on the waveguides, to determine
the quality of our fabrication and non linear second harmonic measurements were
performed with an efficiency of ηsnake = 1.2 %W−1 for a snake shaped nanowire and
ηstraight = 2.7 %W−1 for a straight suspended nanowire, with the same cross section of
the snake shaped one.
We performed SHG by having in mind SPDC, as in [130], because by exploiting the
separation of the QPM peaks, we should be able to obtain colour entangled photons.
This will be the next step of this experiment.
However, before we continue, we have to point out that the fragility and the lack
of an efficient heat sink makes our suspended structures very delicate to handle. Input
powers as low as 5 mW at the FF and 300 µW at the SH are enough to completely
destroy the 123nm thick waveguides, even though there is not the effect of field en-
hancement as in a WGM resonator. Finally, the success rate of fabricating a measur-
able sample is around 25%. In the future we might switch platform to AlGaAs over a
layer of low-index oxide, to facilitate heat evacuation and increase the quality of the
samples. Indeed, that is the platform that is used in the next chapter.
IV – AlGaAs micro-rings on AlOx for
FWM
In this chapter I will present AlGaAs microrings on AlOx, designed and fabricated
to obtain FWM based optical frequency combs. It corresponds to the second platform
used in this thesis, expected to improve the heat evacuation and allow a higher power to
be injected in the structures. In the last decade, FWM based combs have been observed
in numerous WGM microcavities such as silica microtoroids [131] and silicon-nitride
microrings [132] and AlGaAs microrings on SiO2 [43]. Therefore, microrings for FWM
are a good benchmark to explore the potential of our AlGaAs-on-AlOx monolithic
platform.
IV.1 Design
The value of the nonlinear refractive index, n2, of GaAs is higher than the n2 of
Si [48,133], with n2(Si) = 0.175× 10−17 m2W−1 and n2(GaAs)= 1.53× 10−17 m2W−1.
In Ref. [43], the n2 of Al0.17Ga0.83As was measured to be 2.6 × 10−17 m2W−1. This,
along with its direct band gap, makes AlGaAs a promising candidate for third-order
nonlinear photonics in the C-band, besides being a efficient material for second-order
nonlinear optics.
As shown in Figure IV.1, the necessary parameters to design a microring are:
• radius, R; thickness, h; width, w; Al molar fraction, x.
We let the widths of the ring and the waveguide, w, be the equal to facilitate mode
coupling between them. Since we intend to work in the telecom band, λ ≈ 1.55 µm,
we use AlGaAs with x = 0.18 in order to avoid two-photon absorption (TPA) and
maintain three-photon absorption at a low level [134].
IV.1.1 Dispersion Engineering
The phase-matching condition to obtain FWM in a microring with resonant fre-
quencies ωi and FSR ∆ω = ωi+1 − ωi, is
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Figure IV.1: AlGaAs ring resonator with bus waveguide on AlOx and their design parameters.
n(ωi+1)ωi+1 + n(ωi−1)ωi−1 = 2n(ωi)ωi, (IV.1)
where we considered only the case of partially degenerate FWM. n(ω) is the effective
refractive index of the ring radial section at the frequency ω, and
ωi+1 = ωi + ∆ω, (IV.2)
ωi−1 = ωi −∆ω. (IV.3)
Replacing (IV.2) and (IV.3) in (IV.1), yields,
∆ω[n(ωi+1)− n(ωi−1)] = ωi[2n(ωi)− n(ωi+1)− n(ωi−1)], (IV.4)
which is true only if n(ωi−1) = n(ωi) = n(ωi+1), meaning that there is no dispersion
in the material.
Moreover, it is necessary to maintain the FSR of the resonator, ωFSR ' constant,
within an error corresponding to the mode linewidth, in the largest spectral band
possible, in order to have the microcavity modes matching the FWM comb lines, or
ωFSR ' ∆ω. In a ring of radius R,
ωFSR(ω) =
c
ng(ω)
1
R
, (IV.5)
where c is the speed of light and ng(ω) = c/vg(ω) the group index, with vg(ω) the
group velocity, which means we also want to maintain ng ' constant in our range of
interest.
Next we briefly recall the basic concepts of group velocity and group velocity dis-
persion (this part is mostly based on Ref. [135]). Let us consider a pulsed plane wave
that propagates through an optical medium. It is composed of a range of optical fre-
quencies, whose Fourier components add up in phase at the peak of the pulse. If it
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propagates without dispersion, the different components add in phase throughout the
propagation distance s. The phase of the wave is
φ = β(ω)s− ωt = n(ω)ω
c
s− ωt, (IV.6)
where t is the time. The phase φ is constant in ω,
dφ
dω
= dn
dω
ωs
c
+ ns
c
− t = dn
dω
ωvgt
c
+ nvgt
c
− t = 0, (IV.7)
with s = vgt, and thus vg is
vg ≡ dω
dβ
= c
n+ ωdn/dω =
c
ng
. (IV.8)
It is convenient to expand the propagation constant β(ω) in a Taylor series around
the central frequency of the pulse ω0,
β(ω) = β0 + β1(ω − ω0) + 12β2(ω − ω0)
2, (IV.9)
where β0 = β(ω0),
β1 =
dβ
dω
(ω0) =
1
vg
= 1
c
(
n+ ωdn
dω
)
= n
c
− λ
c
dn
dλ
, (IV.10)
and
β2 =
d2β
dω2
(ω0) =
d
dω
(
1
vg
)
= 1
c
(
2dn
dω
+ ωd
2n
dω2
)
, (IV.11)
which is defined as the group velocity dispersion (GVD). It is more convenient to us
to calculate the quantity
D(λ) = dβ1
dλ
= −λ
c
d2n
dλ2
= −2pic
λ2
β2, , (IV.12)
with λ = 2pic/ω. D < 0 (or β2 > 0) corresponds to the normal dispersion (dngdω > 0)
and D > 0 (or β2 < 0) to the anomalous dispersion (dngdω < 0). We need to engineer D
to be near zero and even slightly positive since the comb onset relies on modulational
instability in the microcavity, which can be most easily accessed in the anomalous
dispersion region. This is explained because in the case of the anomalous dispersion
of a ring resonator, the group index ng = c/vg decreases with increasing ω, and thus
the FSR increases with ω. On the other hand, the FSR of a ring resonator naturally
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decreases with increasing ω, since according to 2piR = mλ, when the wavelength
decreases, the azimuthal number increases. Thus, maintaining an small anomalous
dispersion counterbalances this last effect.
To calculate the D(λ) dispersion curves, we make the approximation that the
effective index of the ring, n, is the same as the effective index of a straight waveguide
with the same transverse section (w, h). For that approximation to be valid, the radius
of the ring must be much larger than its width (R w).
Figure IV.2a shows the dispersion curves calculated for an Al0.18Ga0.82As-on-AlOx
ring with fixed height h = 400 nm, and several values of w from 350 nm to 800 nm.
For w ≤ 700 nm we have anomalous dispersion at all wavelengths, and for w = 800
the curve crosses D = 0. The higher values of w in this graphic are of more interest,
since they result in smaller values of D.
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Figure IV.2: Dispersion curves of the TE00 guided mode for h = 400 nm Al0.18Ga0.82As on AlOx,
for different w, a) D vs λ and b) ng vs λ.
The next step is to determine the best gap, g, between the ring and a waveguide of
the same width w. As we want to simulate rings with large radius and small gaps, the
calculation would get too heavy if we solved the eigenfrequency model for the whole
ring. Instead we perform a 2D effective index method simulation where we inject light
in a waveguide and we vary the gap to obtain the value of g at which the injected
light completely couple with the ring in one pass. This is not the same thing as
having critical coupling, and actually corresponds to slight overcoupling. We decide,
nevertheless, to use this value reference value and slightly vary g in our fabrications,
knowing that it should not be smaller than this value.
In both calculations we use TE polarized light, as this is the polarization that gives
larger critical coupling gaps, although the ring comprises both modes TE00 and TM00.
We estimate that for w = 350 nm (w = 375 nm) we need g = 140 nm and (g = 110
nm) for a radius of curvature R = 100 µm, as shown in Figure IV.3. For larger w
we would need smaller g. However, here our lower fabrication limit was g ≈ 130 nm,
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Figure IV.3: TE coupling between the waveguide and the ring for h = 400 nm, R = 100 µm and a)
w = 350 nm, g = 140 nm; b) w = 375 nm, g = 110 nm.
thus we fix R = 100 µm and the parameters represented in Figure IV.3a. Increasing R
would allow to increase g but at this value the FSR is already quite low, near 100 GHz
(see Equation (IV.5)), so we decided to pursue the fabrication using these parameters.
Let us stress that h = 400 nm corresponds to an available Al0.18Ga0.82As sample.
As this thickness is not necessarily the best option, it was determined what is the
thickness for the same width w = 350 to obtain a curve D(λ) that crosses zero in
the desired spectral range (λ = 1500 − 1600 nm). The parameter w = 350 is chosen
because the gap distance needed for it, corresponds to the limit of what it is possible
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Figure IV.4: Dispersion curves of the TE00 guided mode for h = 300 nm Al0.18Ga0.82As on AlOx,
for different w, a) D vs λ and b) ng vs λ.
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Figure IV.5: Light coupling between the waveguide and the ring for h = 400 nm, R = 100 µm and
a) w = 350 nm, g = 180 nm and b) w = 375 nm, g = 140 nm for TE polarized light.
to fabricate, as predicted in the previous sample width h = 400 nm. It was determined
that h = 300 nm fulfills this purpose (Figure IV.4). In this case, only the samples
with widths w = 350 nm and w = 375 nm are possible to fabricate (Figure IV.5).
It may be of interest to protect our optical structures with a layer of SiO2 from
dust and damage due to handling. In this case, of an AlGaAs on AlOx SiO2 covered
microring, we find the best width and thickness dimensions to be h = 400 nm and
w = 380 nm (Figures IV.6 and IV.7).
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Figure IV.6: Dispersion curves of the TE00 guided mode for h = 400 nm Al0.18Ga0.82As on AlOx
covered with SiO2, for different w, a) D vs λ and b) ng vs λ.
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Figure IV.7: Light coupling between the waveguide and the AlOx ring, covered with SiO2, for
h = 400 nm, R = 100 µm and a) w = 350 nm, g = 140 nm and b) w = 375 nm, g = 110 nm for TE
polarized light.
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IV.2 Fabrication
In this section I will describe the necessary steps to fabricate Al0.18Ga0.82As rings
on AlOx.
My samples include several rings of 100 µm radius, 350 nm width, and 400 nm
thickness. Each ring has its coupling waveguide 250 µm long. In the 10 µm long
coupling region, the waveguide width is 400 nm and adiabatically changes up to 700
nm at both sides of the central part, to minimize propagation loss. Out of the coupling
region, the waveguide is laterally double mode for the TE polarization. Since the linear
overlap between the TE00 mode and the TE01 one is zero, we expect that the light
coupled in the second mode will be close to zero. At each end, an inverted taper is
placed to inject the light into the waveguide. Since we use micro-lensed fibers to this
purpose and these fibers are 125 µm width, we etch a 100 µm deep mesa to be able to
approach them to the inverted taper tips. The final result is sketched in Figure IV.8.
Figure IV.8: Al0.18Ga0.82As ring resonator with bus waveguide on AlOx.
Nanofabrication was carried out in the clean rooms of École Normale Supériore
and Université Paris Diderot.
IV.2.1 Fabrication Overview
The technological steps to obtain AlGaAs microrings resonators on AlOx are rep-
resented in Figure IV.9. After the MBE growth, we clean the wafer (a) and deposit a
layer of the negative tone HSQ resist (b). The rings and the waveguides are patterned
using a eLine e-beam lithography machine and the sample is developed using pure AZ
400 K developer solution (c).
A non-selective physical etching is made with an ICP-RIE recipe based on a com-
bination of Ar and SiCl4 plasma, etching the fist AlGaAs layer and defining the shape
of the rings and the waveguides (d).
Then, the sample undergoes an oxidation step that oxidizes the Al0.98Ga0.02As layer
into AlOx. After this, we remove the HSQ resist using a fluoroform (CHF3) based RIE
procedure (e).
We use the S1828 positive tone optical resist (f) and an optical lithography to draw
the pattern of the mesa, defined after the development with the MF 319 developer (g).
IV.2 Fabrication 109
a) MBE growth and surface cleaning b) Deposition of HSQ
c) E-beam lithography and development d) ICP-RIE non-selective etching
e) Oxidation and resist removal f) Optical resist deposition
g) Optical lithography and development h) Mesa wet etching
Al0.18Ga0.82As
Al0.98Ga0.02As
GaAs
AlOx
HSQ
S1828
i) Resist Cleaning
Figure IV.9: Fabrication procedure of AlGaAs ring resonators.
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The wet etching step is made with a solution of H3PO4:H2O2:H2O (1:1:1), (h). After
resist cleaning with acetone and SVC14, the sample is ready for the measurements.
Epitaxial growth
Our wafer is grown at the C2N by MBE on a (001) GaAs substrate (sample
G9X093) and it has the following vertical layout:
• 500 nm GaAs buffer; 90 nm gradual transition layer from Al0.05Ga0.95As to
Al0.98Ga0.02As; 1 µmAl0.98Ga0.02As; 90 nm gradual transition layer from Al0.98Ga0.02As
to Al0.18Ga0.82As; 400 nm Al0.18Ga0.82As.
The Al0.98Ga0.02As layer is later oxidized and transformed into γ−Al2O3 (AlOx).
The 90 nm transition steps between the GaAs - Al0.98Ga0.02As and the Al0.98Ga0.02As
- Al0.18Ga0.82As layers are important to minimize the strain between the GaAs (and
Al0.18Ga0.82As) and the resulting AlOx. The transformation Al0.98Ga0.02As→ γ−Al2O3
leads to a volume shrinkage of about 50% and under fully constrained conditions would
cause an hydrostatic stress of about 80 GPa [136]. This interfacial stress may lead to
delamination of the different layers (which typically occurs for AlOx layer thicknesses
exceeding ∼ 100 nm) and the formation of defects close to the interface, a few hundreds
of angstroms in the GaAs and Al0.18Ga0.82As layers [136]. This is more problematic in
the case of the latter, since it is our guiding layer. Adding a transition step helps to
minimize this strain and to keep the formed defects far from the guiding layer.
The simulations performed in IV.1.1 included this graded layer in the following way:
from an AlAs concentration of 98% to 50%, we consider that the AlGaAs is completely
oxidized; from 50% to 18%, it remains in its crystalline form. This means that after
oxidation, there is still a 36 nm thick layer of graded crystalline AlxGa1-xAs with 0.5 ≥
x ≥ 0.18. These consideration are consistent with previous observations in the DON
team, on samples fabricated using wafers grown with the same configuration. In Figure
IV.10, we can observe a high-resolution TEM picture of a 400 nm thick Al0.18Ga0.82As
nanoantenna that was fabricated on the same type of wafer as described above. From
the scale bar it is possible to conclude that the crystalline part corresponding to the
central rectangle in the figure has a height of ∼ 440 nm, which corroborates the
previous assumption.
The wafer is covered with a PMMA layer to prevent oxidation over time.
Electron Beam Lithography
Sample preparation. The wafer is cleaved in small samples of 8 mm width and 10
mm height samples, where we draw 4 columns of rings, separated of 2 mm from each
other and 1 mm from the border, as we can see in the schematic of Figure IV.11.
The following cleaning process is similar to the one in II.2.1.
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V.F. Gili et al.: Role of the substrate in monolithic AlGaAs nonlinear nanoantennas   3
Very recently, the analysis of SHG polarization proper-
ties in the same nanoantennas showed its pure bulk 
χ(2) origin [14] as opposed to the hypothesis of surface 
χ(2) contribution in GaAs nanoantennas affected by TPA 
[10]. To understand if the observed tilts in the radiation 
diagrams can be explained by a lattice deformation in 
AlGaAs pillars resulting in off-diagonal terms in the χ(2) 
tensor, TEM and electron diffraction characterization of 
our nanostructures were combined with finite-element 
simulations.
Before TEM observation, a platinum layer was depos-
ited on the sample for metallization, and a cross-section 
thin film was extracted from the whole sample using Zeiss 
crossbeam Ga focused ion beam (FIB). The plane of this 
thin film is (001) and contains three virtually identical 
pillars, with their axis nominally oriented perpendicu-
lar to the [110] direction, as sketched in Figure  4A. We 
performed TEM analysis on a JEOL ARM 200F electron 
microscope equipped with a spherical aberration cor-
rector. High-resolution TEM images show that the three 
AlGaAs pillars are single crystals without any alteration 
of the crystalline matrix (see Figure 4B and C). However, 
according to electron diffraction experiments on selected 
areas, their crystallographic directions are neither strictly 
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Figure 3: SHG polar plots of virtually identical nanoantennas.
The tilt angle ϕ ranges from −8.8° to 6.6°.
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Figure 4: (A) Scheme of the sample for TEM prepared by FIB and (B) TEM picture of AlGaAs/AlOx nanoantenna 2, with indications of the 
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Figure IV.10: High-resolution TEM picture of a 400 nm tall Al0.18Ga0.82As nanoantenna on AlOx
[137].
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Figure IV.11: Schematic representation of the sample and the patterns that will be drawn with
e-beam lithography.
E-beam resist deposition. In the next step we deposit a uniform layer of electron-
beam resist. Thinner layers of resist result in better pattern resolutions. Since we
only need to dry etch with ICP an AlGaAs layer of ∼ 600 nm, a 100 nm thick resist
is sufficient. This leaves us the choice between the ma-N 2401 and HSQ at 6% con-
centration. Their spin curves are shown in Figures II.13a and b, respectively. HSQ
was reported to provide a better selectivity and less proximity effects than ma-N for
small area patterns, until 400 nm in width [56,137], as it is in our case. Therefore we
decided to try 6% HSQ as a electronic resist, having a thickness of 972 Å, when spin
coated at a speed of 4000 rpm.
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Hydrogen SilsesQuioxane is an inorganic compound with the chemical formula
[HSiO3/2]n [138], being more adapted to be used with Si based materials since it
adheres better to its surface, without the need of an adhesion promoter, unlike the
GaAs/AlGaAs surfaces. We tried 3 different ways of promoting the adherence of HSQ
to our surface:
1. no adhesion promoter at all;
2. 3 nm PECVD deposited layer of SiO2;
3. TI Prime adhesion promoter.
The first option works with larger patterns, but in our case we noticed that part of
our 400 nm wide resist waveguides and rings delaminate with development. Therefore,
we concluded that an adhesion promoter was needed.
The second option consists in using plasma-enhanced chemical vapor deposition
(PECVD) to provide a buffer SiO2 layer between AlGaAs and the Hydrogen SilsesQuiox-
ane that is chemically compatible. A thin uniform layer of SiO2 would be the best
option possible since HSQ adheres better to Si-based materials. The process to obtain
a HSQ resist mask using SiO2 as an adhesion promoter comprises the following steps:
• 3 nm PECVD of SiO2;
• HSQ spin coating, lithography and development;
• 20 s of RIE CHF3 etching.
The last step has the purpose to etch the SiO2 layer that is not covered by the
resist, before the ICP etching, since the latter only etches SiO2 very slowly (even more
slowly than HSQ). We have to be careful to well regulate the RIE duration, since
CHF3 also etches HSQ. Although growing a thin PECVD layer would ideally be the
best solution, that would lead to a non-uniform deposition on the AlGaAs surface.
Small SiO2 islands may remain on the surface after the RIE etching, protecting the
material underneath from the ICP etching. The result on a disk test sample can be
observed in Figure IV.12. A way to overcome this problem would be to use ALD
instead of PECVD to perform the SiO2 deposition, as it yields more uniform layers.
We do not have ALD facility in our clean room, therefore we decided to try another
way.
The third option, which provided the best results, consists simply on spin coating
the TI Prime adhesion promoter on our sample before the resist deposition. The
adhesion is not as robust as with a SiO2 layer, but it significantly improves it when
compared with no using adhesion promoter at all. The steps that were followed are:
• 5 minutes dehydration on a hot plate at 150◦C;
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1 μm
Figure IV.12: Disk fabricated using HSQ and a SiO2 layer grown with PECVD as an adhesion
promoter.
• spin coat TI Prime, parameters: acceleration 4000/3 rmp/s; speed 4000 rpm;
time 30 s;
• 2 minutes bake on a hot plate at 120◦C;
• spin coat HSQ, parameters: acceleration 4000/3 rmp/s; speed 4000 rpm; time
30 s;
• 2 minutes hard bake at 150◦C;
• 2 minutes hard bake at 200◦C.
A uniform blue color is indicative of uniform deposition. The sample needs to be
inspected before the last two baking steps, in order to remove the resist with acetone
and isopropanol, otherwise it solidifies and can only be removed with a dip in a low-
concentration solution of HF. This resist is not photosensitive and, therefore, there is
no need to protect it from light exposure.
E-beam lithography. The Raith eLine system is used for the e-beam lithography.
As detailed in III.2.1, this machine enables Writefield exposure and FBMS exposure.
Since the size of our patterns is larger than 200 µm × 200 µm (R = 100 µm),
Writefield exposure is not of interest to us due to the small normal writefield size of
100 µm × 100. It would be possible to increase its size to 250 µm × 250 µm, but
that would decrease the resolution of the lithography by the same factor of the area
increase, which is not interesting to us. Hence, we decide to use the FBMS method.
FBMS is used to expose the 100 µm radius, 350 nm width rings, the 350 nm width
waveguide close to the ring and both 700 nm width waveguides at each side of the
central one. The width transitions regions, from 700 nm to 350 nm are made with
Writefield exposure, which is also the case for the 10 µm long inverted tapers at each
end of the waveguide (see Figure IV.13). The long lines along the column of rings (see
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Figure IV.11) are also drawn in the Writefield patterning mode and they are used to
define the optical resist mask for the fabrication of the mesa.
Figure IV.13: Patterning modes: FBMS (blue) and writefield (red) exposure modes.
After placing the sample in the SEM chamber, setting the acceleration voltage at
20 keV, the aperture of the beam at 10 µm and performing the different alignment
procedures, we select the area dose DFBMS = DWF = 1200 µC/cm2, where DFBMS and
DWF are the FBMS and the Writefield patterning mode doses, respectively. DWF is
the reference dose of this mode, going from a factor to 1×DWF at the wider waveguide
sections to 2 × DWF at the tip of the inverted tapers. At this point we launch the
automatic e-beam lithography process.
Resist development. After exposure, the sample is developed using the strong
alkali solution AZ 400K, removing the resist that was not exposed by the SEM. The
following procedure is used:
• 10 seconds dip in AZ 400K and 60 seconds in DIW;
• n steps of 5 seconds AZ 400K and 30 seconds in DIW with optical microscope
observation.
After the first step, most of the resist is dissolved in the developer solution. The
area between the waveguide and the ring requires 1 to 3 additional steps to be removed.
The sample is agitated up and down inside the developer solution to ensure a good
symmetry of the ring shape.
Non-selective dry-etching
Once the resist mask is defined, we put the sample in the ICP-RIE machine from
Sentech Instruments GmbH. We fix the etching dept at 600 nm - 400 nm of the first
AlGaAs layer and 200 nm of the second - to ensure the reproducibility of the process.
These parameters were already used to dry etch Al0.4Ga0.6As disks (see II.2.1) and they
etch vertically both GaAs and AlGaAs at all concentrations. Therefore we decide to
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keep this procedure, whose optimized parameters are summarized in Table IV.1. In
Figure IV.14 we can observe a ring and its waveguide after ICP etching.
Ar SiCl4 ICP Power RF Power Temp Pressure Self-Bias
(sccm) (sccm) (W) (W) (◦C) (Pa) (-V)
40 3 35 13 10 0.1 80
Table IV.1: ICP procedure parameters for the dry etching of the rings and their coupled waveguides.
50 μm
Figure IV.14: SEM picture of a R = 50 µm ring and its waveguide after ICP etching.
Wet oxidation
We start from an Al0.98Ga0.02As layer that is transformed into AlOx by wet oxida-
tion. AlAs turns into γ−Al2O3 through the reaction [136]
2 AlAs + 3 H2O⇒ Al2O3 + 2 AsH3, (IV.13)
while Galium (Ga) atoms remain unchanged, being incorporated into the growing oxide
[139]. The oxidized Al0.98Ga0.02As goes from a refractive index of 2.9 to ∼ 1.6, while
the Al0.18Ga0.92As remains with the high refractive index of 3.3, allowing us to obtain
high confinement optical devices without the fragility of the suspended technology.
We use Al0.98Ga0.02As instead of simply AlAs because it is mechanically more robust.
The process takes place in an oxidation oven by AET Technologies [140] which
allows to control the pressure and temperature of the chamber, the gas and water
flux injected. The oxidation front is monitored by means of an optical microscope,
exploiting the refractive index contrast between AlOx and the oxidized AlGaAs. The
oxidation equipment is schematically represented in Figure IV.15.
We introduce the sample in the oxidation oven and pump until a vacuum of ∼
8 × 10−2 mbar is reached. Dry N2 is injected until a pressure of 500 mbar is reached
inside the chamber, with a constant flow of 0.5 l/min. This gas allows to maintain a
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H2O N2H2 N2
4.0 g/h
95°C
0.6 l/min 1.0 l/min 0.5 l/min
CEM oxidationoven
500 mbar
Figure IV.15: Schematic of the oxidation circuit. CEM, Controlled and Evaporated Mixing.
dry atmosphere and keep stable conditions and a reproducible procedure. The water
involved in the oxidation process is mixed with N2H2, which carries the H2O vapor, in
a Controlled and Evaporated Mixing (CEM) system separated from the chamber at a
temperature of 95◦C. After the temperature of the chamber reaches 390◦C, N2H2+H2O
gas (humid gas) is injected in the chamber. We leave the sample for Tox = 30 min in
the oven at a pressure of 500 mbar, with a flux of N2H2 of 1l/min and N2H2+H2O of 0.6
l/min and 4 g/h, respectively. This duration is sufficient to entirely oxidize the 1 µm
layer of Al0.98Ga0.02As [139,141]. After Tox the oven goes back to room temperature.
Figure IV.16 shows an optical microscope picture of a the sample after oxidation.
If the procedure occurs in the best conditions, the sample will have an uniform green
color. After ICP, the sample is introduced as quickly as possible into the oxidation
chamber and pumped to vacuum, otherwise, when in contact with air, gets quickly
oxidized with the humidity in the air. It is important that the oxidation takes place
in the fully controlled environment described above, in order to assure the quality and
reproducibility of the results.
After oxidation, we cleave the sample in 4 columns of rings, leaving us with 4
separate samples of 2 mm × 10 mm each.
Mesa fabrication
As for the previous optical measurements, a deep mesa is necessary, since we use
125 µm thick micro-lensed fibers with a focal distance of 12 µm. The fabrication steps
of the mesa are similar to the ones in section III.2.1, except the etching procedure
because neither BCK nor H3PO4:H2O2:H2O (1:1:1) attack AlOx.
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200 µm
Figure IV.16: Sample of microrings and bus waveguides after oxidation.
Mesa wet etching. Once the resist mask is defined (Figure IV.17a and b), we
proceed with the wet etching. The solution H3PO4:H2O2:H2O (1:1:1) is used to wet
etch a 100 µm deep mesa. Since it does not etch AlOx, further steps need to be
introduced.
We perform a first HF etching step (Figure IV.17 c) to remove the AlOx layer
outside the resist mask. The wet etching of the mesa is then performed normally as
in III.2.1. The 800 nm AlOx layer under the resist mask remains intact during this
etching step. Due to the low refractive index of AlOx, we can still monitor the etching
front until it reaches the tips of the inverted taper guides, (d). A last HF etching step
is performed to remove the AlOx under the mask, (e).
To summarize, the steps of this procedure are the following:
• 2 minutes 1.25% HF etching
• 1 minute rinsing in DIW
• n steps of H3PO4:H2O2:H2O (1:1:1) etching for tn minutes each;
• 1 minute rinsing in DIW
• 1.5 minutes 1.25% HF etching
• 2 minutes rinsing in DIW
The total etching time is around 20 minutes. Figure IV.18 shows an optical micro-
scope picture of the etched mesa.
The optical resist is removed by placing the samples in a photoresist stripping bath
of SVC14 at 70◦C for an hour.
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a) S1828 deposition b) optical lithography
c) first HF etching step d) H3PO4:H2O2:H2O (1:1:1)etching
Al0.18Ga0.82As
GaAs
AlOx
S1828
e) second HF etching step
Figure IV.17: Steps for the definition of the resist mask for the mesa.
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100 μm
Figure IV.18: Optical microscope image of the sample after the mesa wet etching.
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IV.3 Experimental Results
In this section we shall describe the experimental setup, the method and the results
obtained for the characterization of the fabricated microrings.
IV.3.1 Transmission Measurements
The experimental setup for the transmission measurements is shown in Figure
IV.19. It is similar to the one in II.3.2. A continuous wave (cw) tunable laser is
swept between the wavelengths of 1500 nm to 1600 nm and a FPC is used to set a TE
polarization. Light is injected and collected by micro-lensed fibers and detected by a
InGaAs PD.
TUNICS
InGaAs PD
binocular
FPC
Figure IV.19: Schematic of the experimental setup for the linear measurements: FPC, fiber polar-
ization controller; InGaAs photodiode, PD.
We can see the waveguide transmission spectrum for a sample microring in Figures
IV.20. We observe two sets of resonant modes in the cavity, each set with a FSR of
∼ 1 nm. The higher amplitude modes correspond to TE, since it was the polarization
that was selected by the FPC. Nevertheless, the FPC is not 100% effective and it
is still possible to observe the TM peaks with a smaller amplitude. The waveguide
transmission efficiency in our samples goes from 5% to 20%.
IV.3.2 Dispersion Measurements
To extract the dispersion data from our ring resonators, we resort to Optical Co-
herent Tomography (OCT), a Swept-Wavelength Interferometry (SWI) method [142].
I performed this measurement on an existing setup at Thales Research and Technol-
ogy, Paris, France in A. de Rossi’s group. It uses two different optical path arms: a
fixed reference path and the sample path. The interference pattern data are acquired
as a function of frequency, by sweeping the laser wavelength. The temporal impulse
response is obtained by Fourier transform. As described bellow, this method allows to
extract the information on both amplitude and phase of the transfer function of the
sample.
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Figure IV.20: Transmission measurements performed on a ring resonator: a) range 1500 nm - 1600
nm and b) range 1580 nm - 1590 nm.
We use this method to obtain the spectrum of the ring resonators. It permits us to
obtain a better quality measurement than a simple transmission measurement, since it
eliminates external sources of noise, Fabry-Perot from fibers, non-ideal features from
the laser, etc. The dispersion is obtained from the wavelengths of the cavity modes
and the FSR.
Swept-Wavelength Interferometry
A simple SWI system is the Mach-Zhender interferometer and consists of a tunable
laser source, two optical paths of different lengths and a photodiode to detect the
output of the interferometer, as schematically shown in Figure IV.21. This section is
based on Ref. [143].
TunableLaser coupler couplerFPC PD
τ1τ2
Figure IV.21: Mach-Zhender interferometer. FPC, fiber polarization controller; PD, photodiode.
The electric field of the laser output is
~E(t) = E0e2piiν(t)t~e, (IV.14)
where E0 is a constant amplitude, ν(t) the instantaneous optical frequency at a time
t and ~e a unit polarization vector. If τi = Li/vg,i is the group delay, corresponding to
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path i (i = 1, 2), where Li is the length of the optical path and vg,i the group velocity,
when the two optical fields are recombined, the resulting PD voltage amplitude yields,
U(ν) = U0[1 + cos(2piντ0 + ψ)], (IV.15)
assuming co-polarized light in the two paths. The delay τ0 = τ2 − τ1 is the time
difference between the optical paths, ψ is a constant phase factor and U0 = σE20 , with
σ a constant that depends on the sensitivity of the detector. Thus, τ0 can be obtained
as the derivative of the argument Θ = 2piντ0 +ψ with respect to ω = 2piν, τ0 = dΘ/dω.
The Fourier transform of (IV.15) is
U(τ) = U0[δ(τ) + δ(τ − τ0) + δ(τ + τ0)], (IV.16)
where δ is de Dirac delta function. Let us calculate the Fast Fourier Transform (FFT)
of (IV.15). Because of its periodicity, the FFT has the positive frequency peak at τ0
and the negative frequency peak at ∆τ − τ0, where ∆τ = 1/δν is the range of the
data in the time domain and δν the frequency interval of data acquisition, as shown in
Figure IV.22. The measurements are carried out as a function of ν. Applying a FFT
to the experimental data, we obtain the impulse response of the system.2.5 Range measurements 28
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Fourier transform converts this data to the time domain, where each 
oscillatory component in the spectral domain is observed to correspond to a 
peak located at a particular time, or delay, τ. The time axis in the Fourier 
domain directly corresponds to the delay relative to the interferometer 
reference path.This distinction between time and frequency domain data acquisition is 
especially important in the presence of laser tuning rate variations. Fig. 2.6 
illus-trates the eﬀect of sampling a swept-wavelength interferogram using a 
temporal clock when the laser tuning rate is not constant. Instead of sharp δ-
functions in the time domain, the peaks are broadened considerably.
Figure IV.22: Resulting plot of the FFT of the acquired data with the shape of Equation (IV.15)
(Source: [143]).
When we introduce a device under test (DUT) in one of the arms and leave the
other arm as a reference (see Figure IV.23), the a plitude and the phase responses
exhibit a spectral variation, unlike simply letting the arm of one optical path be longer
than the other.
The vector transfer function of a waveguide coupled to a microring cavity (the
DUT), is given by [144]
H =
(
t κ
−κ∗ t∗
)
, (IV.17)
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TunableLaser coupler couplerFPC PD
τsτr
DUT
Figure IV.23: Interferometer of characterization of the scalar transfer function of the device under
test (DUT), in transmission mode. FPC, fiber polarization controller; PD, photodiode.
where t · t∗ = 1 − κ, and κ is the coupling efficiency between the waveguide and the
ring. Then the output of the interferometer is
U(ν) = U0[1 + |H(ν)~es|2 + 2R{~es ·H(ν)~er} cos(2piντ0 + ψ)], (IV.18)
where τ0 = τs − τr, where τs and τr are the group delays of the sample (DUT) and
the reference paths, respectively, and ~es and ~er are the unit polarization vectors of the
light coming from the sample path and the reference path, respectively.
Using this system, it is possible to obtain the amplitude and the phase (up to a
constant factor) of ~es ·H(ν)~er = H(ν), which is the scalar transfer function of the DUT,
H(ν) is the vector transfer function. For that, we need to separate de AC portion of
equation IV.18, where the scalar function appears unsquared, from the DC part. I
did this with the existing data processing algorithm represented in Figure IV.24 and
summarized hereafter:
a) the interferometer output signal U(ν) is acquired at equal values δν of interval;
b) FFT is applied to the acquired signal, FFT{U(ν)}, where we visualize the spectra
corresponding to the positive frequency peaks and the negative frequency peaks;
c) only the positive component of the Fourier transform are selected, with a window
around the spectrum corresponding to the positive peaks;
d) an Inverse Fast Fourier Transform (IFFT) is applied, IFFT{FFT{U(ν)}} to the
selected data.
The resulting function corresponds to the positive exponential of the cosine, and
it is given by
UH(ν) = 2U0[H(ν)eipiνtw ], (IV.19)
where tw is the size of the selected temporal window. Therefore we can obtain the
scalar transfer function of the DUT within a constant complex factor. The group delay
is given by the derivative of the complex phase with respect to ω,
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since the Fourier domain is periodic. These two peaks correspond to the 
positive and negative complex exponential functions that, when summed, 
produce the cosine term of the fringe pattern. In the next step, a digital ﬁlter 
is used to select only the positive delay peak, as shown in Fig. 2.9(C). When 
just this portion of the data is transformed back to the frequency domain via 
an inverse Fourier transform [Fig. 2.9(D)], the result is a complex function of 
frequency that represents only the positive complex exponential of the cosine, 
along with any complex multipliers. In this way, the fringe pattern described 
by Eq. (2.37) (or by Eqs. 2.38 and 2.39) may
Figure IV.24: Method to extract the AC part of the interferometer output: a) acquired data, U(ν);
b) FFT of the acquired data, c) selection of the acquired data in the window of interest around the
positive component peak, d) IFFT of the selected data (Source: [143]).
τ0 =
dΘ
dω
, (IV.20)
in which Θ = Arg{H(ν)}.
In our case, the measurements were performed in reflection mode, since the existing
experimental setup was configured for reflection measurements. The experimental
setup is schematized in Figure IV.25, with light from a tunable cw laser injected into
the two optical paths. The DUT is placed in the e d of o of the two optical paths.
The same microlensed fibre is used to both inject the light in the DUT and collect the
back-reflected light. In the reference arm, we place a FPC and adjust the orientation of
the electric field to prevent polarization fading, in which the orientation of the electric
field that interests us (TE) gets cancelled by the interference between both arms. The
light of the refe ence path is coupled with the sample arm, and this signal is read by
an InGaAs PD. The temperature of the sample is stabilized using a Peltier module.
The signal is then analyzed as described above.
IV.3 Experimental Results 125
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Laser coupler FPC
τs
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DUT
coupler PD
Figure IV.25: Interferometer of characterization of the scalar transfer function of the device under
test (DUT), in reflection mode. FPC, fiber polarization controller; PD, photodiode.
Results
Light is injected at a power P = 1 mW and its wavelength is swept between 1520
nm and 1600 nm. The fringe pattern is detected and a FFT is applied to the data.
The “positive frequency peak” spectrum is selected by properly choosing a temporal
window that also removes any interfering signal arriving before, coming from reflections
at the input taper. This impulse response is represented in Figure IV.26.
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Figure IV.26: Impulse response: normalized reflectivity as a function of the converted time.
The observed peaks can be interpreted in the following way: the first peak corre-
sponds to the light that does not get coupled with the ring and is reflected back and
coupled into the micro-lensed fiber (Figure IV.27, blue line); the second peak corre-
sponds to the light that makes one turn inside the ring (Figure IV.27, red line); the
third peak two turns and so on. We can observe in Figure IV.26 that there are two
sets of impulses, one corresponding to the TE and the other to the TM guided mode.
It is easy to discern which polarization corresponds to each peak, if we consider
the equation
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Figure IV.27: Path of the light traveled in the waveguide and inside the resonator.
tFSR = 2piR
ng
c
, (IV.21)
where tFSR is the time required for a pulse to travel a round trip of the ring resonator.
We calculate the predicted values of the group index ng for both the TE and TM
polarizations, using the home made finite-difference simulation. The results of Fig-
ure IV.28a show that the TE group index is larger than the TM, which means that
tTEFSR > t
TM
FSR. Thus, the group of TE peaks has a larger FSR, which, in Figure IV.26,
corresponds to the higher amplitude peaks.
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Figure IV.28: a) Group index ng and b) dispersion D for a ring with h = 400 nm tickness and
w = 350 nm width at TE and TM polarization, obtained from simulations.
Using nTEg (λ = 1.55 µm) = 4.48 and nTMg (λ = 1.55 µm) = 4.06, from the data of
Figure IV.28a, we obtain tTEFSR = 9.4 ps and tTMFSR = 8.5 ps. From Figure IV.26, we can
extract tTEFSR = 8.7 ps and tTMFSR = 8.4 ps, comparing the position of the second and
third peaks, which agrees fairly well with the expected values.
The peak amplitudes decrease with time, due to propagation losses in the waveguide
and the ring. They are given by [145]
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S0 = µ(1− κ)2, (IV.22)
S1 = µ4κ2(1− κ)α2, (IV.23)
S2 = µκ2α4(2− 3κ), (IV.24)
where Si is the amplitude of the pulse peak that travels back and forth inside the
waveguide and makes i round trips inside the ring, κ is the coupling efficiency between
the ring and the waveguide, α the fraction of light remaining after one round trip on
the ring and µ a coefficient that represents the waveguide propagation losses and also
the losses due to the reflections at the facets of the waveguide. Evaluating S1/S0 and
(S1 · S1)/(S0 · S2), we can extract κ = 0.27 and α = 3.22 cm−1.
The data of Figure IV.29 are obtained when we apply an IFFT to the previously
selected data. When τ0 differs from zero, it corresponds to a mode in the cavity, being
over coupled for τ0 > 0 and under-coupled for τ0 < 0. The fact that we observe both
cases, means that the resonator is close to critical coupling. We observe two sets of
combs - TE and TM modes with a FSR of ∼ 115 GHz and the loaded quality factors
for both modes go from Q = 1× 104 to Q = 5× 104.
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Figure IV.29: Group delay vs frequency of injected light.
From, (IV.10), (IV.11) and (IV.21) we obtain the dispersion D as a function of the
frequency, ν, and the FSR, νFSR(ν),
D = 12piRc
(
ν
νFSR
)2 dνFSR
dν
, (IV.25)
with the results of Figure IV.30, where we can also find the theoretical curves, for
comparison. The experimental curves show some variations with respect to the theo-
retical ones, even when the design parameters are the same, (b) and (c). This may be
ascribed to an inhomogeneous oxidized layer under the ring, with part of the 90 nm
transition layer being still on its crystalline form, with a variable thickness along the
sample. This non homogeneous oxidation was observed previously in other fabrications
performed in our group.
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Figure IV.30: Experimental and theoretical D curves for four different rings: a) w = 385 nm, b)
w = 350 nm, c) w = 350 nm, d) w = 360 nm.
In the future we would like to find a way to overcome this issue of the inhomoge-
neous AlGaAs layer, since it leads to non reproducible results, it may limit the quality
of our samples, which will prevent us to observe FWM and frequency combs.
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IV.4 Summary
In this chapter we explored the viability of the AlGaAs-on-AlOx platform to to
generate FWM frequency combs in high-Q microrings. We calculated the design pa-
rameters, taking into account the dispersion, the ring-waveguide coupling, and the
fabrication limits of our procedure. The specific technological protocol developed to
fabricate this integrated microrings with waveguides is described, from the epitaxial
wafer to the lithography, ICP, oxidation procedure in our clean room and mesa fabri-
cation, essential for our measurements. In the last part of this chapter we described
the experimental setup and the method used to obtain waveguide transmission mea-
surements and dispersion measurements to characterize our devices.
The relatively weak Q factors, as well as the non reproducibility of the results
are related to our oxidation technique. Due to the 90 nm transition layer below the
Al0.18Ga0.82As, on our epitaxy, the resulting AlGaAs guiding layer has an non-uniform
thickness due to inhomogeneous oxidation of the transition layer. The impurities
resulting from the oxidation process are also a possible factor that limits the Q factor
of our rings.
A potential way to improve the Q factors may be to improve the quality of the
HSQ resist mask, as it will be discussed in the Conclusion of the manuscript, although
this method, we will hardly achieve more than a 2 fold improvement.
The conclusion of this chapter is that the AlGaAs on AlOx platform does not
seem a viable alternative to the suspended AlGaAs platform, since the process of
oxidation produces a large amount of impurities and the 90 nm transition layer results
in a guiding structure with inhomogeneous crystalline thickness, which hinders the
reproducibility of the results. In the future, we should consider switching to the
platform to AlGaAs-on-SiO2 through the use of wafer bonding, as it was reported by
M. Pu et al [43].
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Conclusion
During my PhD thesis in the group “Dispositifs Optiques Nonlinéaires” at the
Université Paris Diderot, I designed, fabricated and tested AlGaAs nonlinear photonic
devices (both waveguides and resonators) for three-wave and four-wave-mixing.
Lets recap first on suspended microdisks and snake-shaped nanowires, conceived
for second order nonlinear optics: SHG was observed in both cases.
In the microdisks at a pump wavelength λ = 1577 nm, my SHG conversion effi-
ciency of 2.8×10−4%W−1 was smaller than the one obtained in the previous generation
of the disks. This result may possibly be due to the ∼2-fold increase of the Q factors,
which decreases the spectral linewidth of the modes.
In the case of snake shaped nanowires. I observed two SH peaks at the pump
wavelengths λ1 = 1591 nm and λ1 = 1596 nm. This is due to the double QPM
condition present at a small spectral distance. The maximum conversion efficiency
was ηsnake = 1.2 %W−1. In the case of the corresponding straight waveguide (with
the same section), a single SHG peak was observed at the pump wavelength λ = 1594
nm (between the two SHG peaks of the snake waveguide) and a maximum conversion
efficiency of ηstraight = 2.7 %W−1. These results are comparable to state-of-the-art
SHG in the telecom band, as we can see in Table .3.
Platform dimension ηSHG (W−1)
PP LiNbO3 disk [146] R = 1.9 mm 3000
PP LiNbO3 wg. [147] L = 60 mm 54
GaN µ-disk [148] R = 40 µm 2× 10−4
AlN µ-ring [109] R = 30 µm 25
AlGaAs µ-disk [11] R = 1.9 µm 7× 10−4
GaP µ-disk [149] R = 3.26 µm 0.4
AlGaAs wg. [65] L = 1.5 mm 7× 10−3
AlN and Si3N4 wg [150] L = 2 mm 7.8× 10−2
InGaP PhC. wg. [151] L = 1.2 mm 2× 10−4
This work AlGaAs diskAlGaAs wg.
R = 1.9 µm
L = 1.46/1 mm
2.8× 10−6
1.2/2.7× 10−2
Table .3: SHG frequency conversion at the telecom band, on state of the art devices.
Although my SHG conversion efficiency of the AlGaAs WGM resonator was lower
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than in the work of by S. Mariani [98], we still think it is possible to improve this value.
We should notice that the SHG conversion efficiency of the snake shaped waveguides
is still ∼ 50 higher than the one obtained in [98], although the predicted conversion
efficiencies of the disk and the waveguide, both including the losses of the devices (Q
and α), calculated using (I.62) and (A.34), respectively, differ by a factor of ∼ 10, and
should be higher for the microdisk. This leads us to conclude we are not exploiting
the full possibilities of a resonator to enhance the interaction of the light, due to the
difficulty to obtain a perfect nonlinear overlap between the interacting modes. The
solution for this issue may come by obtaining an exact match of the WGM resonances
λω and 2λ2ω, by using monitored PEC etching [115].
Once we achieve an efficient SHG, it will be possible to perform its inverse process,
the SPDC, with the conversion efficiency [152],
ηSPDC =
Npairs
Np
= ηSHG
~ω
4pi∆ωPM, (.26)
whereNpairs is the number of photon pairs generated by SPDC,Np the number of pump
photons, and ∆ωPM the phase matching spectral width1. To obtain SPDC conversion
efficiency of a WGM resonator we replace ∆ωPM = ∆ωFWHM by ω/QL in (.26),
ηSPDC = ηSHG
~ω
4pi
ω
QL
. (.27)
As S. Mariani predicted [98], for the intrinsic Q factors of Qintω = 5 × 104 and
Qint2ω = 1×104 it is possible to obtain a SPDC conversion efficiency of ηSPDC = 0.6×10−9
pairs/pump photon, comparable to the result obtained in [153] for an optically injected
AlGaAs waveguide (∼ 10−9 pairs/pump photon).
The SPDC experiment will eventually be performed with a pulsed laser, which
is more convenient to lessen the thermal issues due to a high-power input in the
waveguide. The laser that is available in the group is a Ti:Sapphire pulsed laser with
repetition rate of 1/τrep = 1 MHz and pulse duration of τp = 3 ps. It was observed
in the experiments that the maximum input power that the microdisks are capable
to hold without being damaged by the increase of the temperature is 10 mW. If the
average power of the pulsed laser is Pavg = 10 mW, the peak power can be calculated
with,
P INpeakτp = Pavgτrep, (.28)
giving P INpeak ≈ 3.33 W. The expected output power Pout of the SPDC signal can be
obtained using
ηSPDC =
Pout
P INpeak
, (.29)
1∆ωPM may be found by searching what is the values of ω at wich the value of ηSHG is decreased
by half
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with the result ∼ 2 µW. In Figure .1 we see the dependence of the generated power on
the intrinsic and coupling quality factors of both FF and SH, using Pavg = 10 mW [98].
In Figure .1a, the value Qint2ω = Q
cpl
2ω = 1 × 104 is fixed, and Qint2ω = Qcpl2ω = 5 × 104
in Figure .1b. The values Q obtained in type B do not reach these goal values.
Nevertheless, the sample that was tested corresponds to one of the first fabricated
samples and there is still room for improvement.
Figure .1: Estimate of the SPDC generated power vs the intrinsic and coupling Q factors (Source [98]).
A possible improvement would be to switch from the maN-2401 resit to HSQ, and
improve both the e-beam lithography technique and the developing conditions. HSQ
is known for the possibility to obtain sub 20 nm resolution lithography, including gap
distances of ∼ 20 nm [154, 155]. This would allow us to obtain disk resist masks,
and therefore disks, with less roughness and also with its shape less altered by the
proximity effects of the nearby waveguide, making its shape more radially symmetric,
which contributes to the increase of the Q factor. Nevertheless, the proximity effects
increase as the patterned size areas increase, making it more difficult to obtain gaps
smaller than ∼ 300 nm without altering the round shape of the disk. A solution may
consist in decreasing the area dose of the e-beam lithography in the areas where the
disk and guide are in close proximity to each other, to compensate the “effective” area
dose increase due to the proximity effects.
Another measure that can be taken is to replace the classical developer solution
AZ 400K for HSQ, used in IV.2.1, with new solutions with higher selectivity. This
will increase the contrast of the HSQ resist, known to be poor, which leads to bridging
in closely spaced structures and a decrease of the resist thickness after development.
Developers with solved sodium chloride (NaCl), namely sodium hydroxide (NaOH) and
tetramethyl ammonium hydroxide (TMAH) increase significantly the HSQ contrast
[156,157]. This will not only improve the disk geometry by reducing proximity effects,
but also by being less sensitive to the agitation of the sample in the solution. An
un-even agitation of the sample leads to bigger a removal of resist in one direction.
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Figure .2: SHG conversion efficiency vs. pump wavelength and Lorentzian fit function a) in the
double peak SHG spectrum of the snake-shaped waveguide and b) in the single peak SH spectrum of
the straight waveguide.
In the future, we might consider the use of WGM resonators in applications such
as SPDC-based photonic active circuits as in the work of Chen et al. [158] or different
devices like optical vortex beam emitters [159].
Let’s get to short and long term perspectives of the suspended AlGaAs waveguides.
In an immediate perspective, we also want to observe SPDC. The SPDC conversion
efficiency can be predicted based on the SHG results. In Figures .2a and b are repre-
sented the SHG spectra in the snake-shaped and straight waveguides, respectively. To
extract the value of ∆ωPM, a Lorentz function was fitted in both peaks of the curved
waveguide spectrum and the single peak of the straight waveguide spectrum, and the
parameter ∆λFWHM = ∆λPM was found. The two peaks of figure .2a, ∆λPM = 1.34
nm and ∆λPM = 3.27 nm correspond to the maximum ηSHG values of 0.91%W−1 and
1.2%W−1, for the left and right peaks, respectively. In .2b, the single peak with max-
imum value 2.7%W−1 has a FWHM of ∆λPM = 2.89 nm. If the SPDC experiment
was performed on these waveguides, the conversion efficiencies that would be found
are 9.0 × 10−11 pairs/pump photon, 2.9 × 10−10 pairs/pump photon and 5.7 × 10−10
pairs/pump photon, respectively. This result is similar to the one expected for the
WGM AlGaAs disks.
From experience, we know that when coupling at the SH frequency with a cw laser,
the maximum input power that we can insert in the tapered fibre at 2ω, before burning
is 100 µW. If the average power of the pulsed laser is Pavg = 100 µW, the peak power
can be calculated with (.28) and is P INpeak ≈ 33.33 W. The expected output power Pout
of the SPDC is 3.0 nW and 9.6 nW for the 2 peaks of the snake-shaped waveguide and
19 nW for the peak of the straight waveguide.
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This result opens the possibility to exploit the properties of the snake-shaped
waveguides both in up or downconversion. It is an important step towards a snake
waveguide resonator for efficient generation of coherent optical frequency combs, with
microwatt level threshold, based on cascaded χ(2) interactions [160]. The sub-miliwatt
OPO threshold was recently achieved in χ(3) Si3N4 microrings [161].
Another possibility is the exploitation of the peak spectral separation variation
with the curvature radius as described in III.18, in quantum photonic devices on-
chip, as in the recent work of Laudenbach et al. in bulk periodically poled (PP)
KTP [130], where both polarization and color entangled photon states were generated
using collinear double downconversion. This perspective requires the management of
the most important source of loss, coming from the mode overlap mismatch at the
points of the inversion of curvature, as explained in III.1.2.
I find also interesting, the experiment carried out by Solntsev et al. [162], who
generated non classical photon-pair entangled states in a multivalued discrete spacial
coordinate in a 2D quadratic nonlinear waveguide array. Those photon-pairs undergo
quantum walks, whose behaviour can be controlled by changing the properties of the
pump or the parameters of the sample. In our platform, this can be done either in a
1D linear array of coupled straight waveguides, using the wafer layout used in III.2.1,
or in 2D as in [162], in a type of wafer growth that would allow to create an array of
multilayered suspended coupled waveguides. In the last case, both the horizontal and
vertical coupling conditions would have to be taken into account since these waveguides
are highly asymmetrical.
In a linear regime, coupled curved waveguides may be used to perform a classical
analogy of a particle in a double well potential, driven by an external force of fre-
quency ω [163]. This experiment was originally proposed by Grossmann et al. [164].
The double well is analogous to two waveguides in close proximity to each other, the
particle is the guided mode injected in one of the waveguides and the external force is
implemented by the periodical spacial oscillation of the waveguides. Depending on the
amplitude and the frequency of this spacial oscillations, this may lead to an enhance-
ment [165] or suppression [166, 167] of the “tunnel effect” of the “particle” from one
“potential well” to the other. The applications include broadband light switches [165],
and the nonlinear Kerr effect [168].
As we have concluded from the results on chapter III, there may be a bright
future for AlGaAs high-index photonics, but we need to change our technological
platform. The suspended semiconductor platform has the advantage to provide the
best confinement possible and smooth waveguide surfaces. However, besides being too
fragile, they have poor thermal evacuation, which only allows to work at low power,
which may prevent us to detect nonlinear signals. The solution that was presented on
chapter IV of AlGaAs on AlOx structures allows us to improve heat dissipation, but the
semiconductor-oxide transition is not as smooth as in the case of suspended structures,
due to the presence of impurities after the oxidation. The necessary transition layer
between AlOx and AlGaAs becomes inhomogeneously oxidized, with a layer of varying
thickness still it its crystalline form, along the device. We can conclude that AlGaAs on
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AlOx is also not the desirable platform to obtain highly efficient nonlinear photonic
AlGaAs devices at the micrometer to the milliliter scale. The solution may come
from the AlGaAs on SiO2 platform, achieved by the use of wafer bonding. Figure .3
shows the phase-matching parameters needed to achieve phase matching in an AlGaAs
waveguide embedded in SiO2 as in [43].
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Figure .3: Phase matching ∆k = 0 parameters for a AlGaAs waveguide a) embedded in SiO2.
Since the wafer-bonding technology is not yet available in our group, I propose
a temporary solution of a “T-section” waveguide, where a thin pedestal of oxidized
AlGaAs holds the waveguide. This will make the suspended waveguides more robust
to sample handling and removes the need to perform supercritical drying, since there
is no risk of collapsing. The mode profiles of the new modes at the FF and the SH are
represented in Figures .4b and d for a pedestal width wp = 100 nm, where the values
of ∆neff are the change in the effective index with respect the mode in the suspended
waveguide in Figures .4a and c, respectively. In Figure .5 is the phase mismatch map
for this type of waveguide.
The last chapter of this thesis, we designed, fabricated and tested microring res-
onators for the purpose of obtaining FWM based frequency combs. We obtained res-
onators of radius R = 100 µm, FSR of ∼ 120 GHz and with (loaded) Q factors from
104 to 5 × 104, a result similar to what it was obtained for the microdisk resonators,
which means that this value is possibly set by fabrication limitations. Characteristics
of state of the art devices are summarized in Table .4.
Besides the experiments that were performed in Paris, in the DON team and at
Thales Research and Technology, experiments carried in order to obtain FWM fre-
quency combs were made in the Karlsruhe Institute of Technology (KIT) in Germany.
Although pump beam with power until 200 mW was used, FWM was not observed.
Comparing our devices to the ones of Ref. [43] (Table .4), where FWM frequency
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Figure .4: Mode profiles of a) FF TE00 mode; b)FF TE00 mode with a 100 nm wide AlOx pedestal;
c) SH TM00 mode; f)SH TM00 mode with a 100 nm wide AlOx pedestal.
combs were generated in a AlGaAs microring on SiO2, with a power threshold of 3/6
mW, we see that our Q factors are one order of magnitude lower than necessary.
Platform FSR (GHz) Q Pth (mW)
Silica disk [40] 33 7.8× 108 1
Hydex µ-ring [169] 200 1× 106 50
Si3N4 µ-ring [41] 25 1.7× 107 5
AlN µ-ring [170] 435 8× 105 200
Diamond µ-ring [42] 925 1× 106 20
AlGaAs µ-ring [43] 995/98 1/2× 105 3/6
AlGaAs µ-ring (this work) ∼ 120 1-5×104 -
Table .4: Characteristics of state of the art devices for FWM frequency comb generation.
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Figure .5: Phase mismatch ∆k (µm−1) as a function of pump wavelength, λ, and waveguide width,
w for a fixed thickness T waveguide of wp = 100 nm.
Future sample improvements will need to be considered, but a decisive step may,
once again, be to switch to the SiO2 embedded AlGaAs. Also surface impurities
become less important if the index contrast is reduced. The Q factors of our devices
may still be improved to increase the possibility of observing frequency combs. Other
than switching to SiO2 cladding and substrate, this may be done by improving the
quality of the HSQ resist mask, as described above, by increasing resist contrast and
decrease mask lateral roughness. In this case, with the eLine e-beam lithography
system, it may be further improved by performing a technique called multi-pass e-
beam lithography. In a ring, it may be performed by a two step exposure: in the first
step, using 50% of the total dose the ring is drawn CW and CCW in the second step,
using also 50% of the total dose. This reduces position errors by beam deflection due
to resist charging of the areas that were already exposed [171].
On a long term perspective, of course we may consider the integration of lasers
within the nonlinear cavities. Both good laser performances and χ(2)/χ(3) nonlinear
processes are desirable for a good final device.
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A – Conversion efficiency for SHG in
waveguides based on QPM
We will calculate here the SHG conversion efficiency, η, over a waveguide using
QPM, with the non-depleted pump approximation,
∆β = β2ω − 2βω 6= 0, (A.1)
Aω(s) = Aω(0) = Aω, (A.2)
with Aω the complex amplitude of the electric field of the wave at ω and s the distance
propagated by the light. We will calculate η in four different cases:
1. For a constant effective nonlinear coefficient deff , with deff(s) = deff , and no losses;
2. For deff not constant, deff(s), and no losses;
3. For deff constant, with deff(s) = deff , with losses αω and α2ω;
4. For deff not constant, deff(s), with losses αω and α2ω.
A.1 deff constant, deff(s) = deff, no losses
The equation that describes the coupling of the fields at ω and 2ω is
dA2ω(s)
ds = −i
ω
n2ωc
deffA
2
ω(s)ei∆βs. (A.3)
We integrate all over the length, L, of the waveguide,
∫ L
0
dA2ω(s)
ds ds =
∫ L
0
−i ω
n2ωc
deffA
2
ωe
i∆βsds⇔
⇔ A2ω(L)− A2ω(0) = −i ω
n2ωc
deffA
2
ω
∫ L
0
ei∆βsds. (A.4)
With the initial condition, A2ω(0) = 0, the amplitude of the field at 2ω is
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A2ω(L) = −i ω
n2ωc
deffA
2
ω
(
ei∆βL − 1
i∆β
)
. (A.5)
The electric field intensity is
I2ω =
1
2n2ω0c|A2ω|
2, (A.6)
and thus,
I2ω(L) =
0ω
2d2eff
2n2ωc
|Aω|4
∣∣∣∣∣ei∆βL − 1i∆β
∣∣∣∣∣
2
= 2ω
2d2eff
n2ωn2ω0c
3 I
2
ω
∣∣∣∣∣ei∆βL − 1i∆β
∣∣∣∣∣
2
, (A.7)
where we used
|Aω|2 = 2Iω
nω0c
. (A.8)
The last term of equation (A.7) can be simplified.
∣∣∣∣∣ei∆βL − 1i∆β
∣∣∣∣∣
2
= L2
(
ei∆βL − 1
i∆βL
)(
e−i∆βL − 1
−i∆βL
)
= 2L2 1− cos ∆βL(∆βL)2 , (A.9)
and using the trigonometric equivalence
1− cos(x) = 1−
[
cos2
(
x
2
)
− sin2
(
x
2
)]
= sin2
(
x
2
)
+ sin2
(
x
2
)
= 2 sin2
(
x
2
)
,
∣∣∣∣∣ei∆βL − 1i∆β
∣∣∣∣∣
2
= L2 sin
2(∆βL/2)
(∆βL/2)2 = L
2sinc2(∆βL/2). (A.10)
We replace (A.10) on (A.7) and we obtain
I2ω(L) =
2ω2d2eff
n2ωn2ω0c
3 I
2
ωL
2sinc2(∆βL/2). (A.11)
Integrating the intensities on the transverse area A of the interacting beams,
P2ω(L) =
1
A
2ω2d2eff
n2ωn2ω0c
3P
2
ωL
2sinc2(∆βL/2), (A.12)
the conversion efficiency of the SHG reads,
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η(L) = P2ω(L)
P 2ω
= 2ω
2d2eff
n2ωn2ω0c
3 |Iov|2L2sinc2(∆βL/2), (A.13)
where A = |Iov|−2 and
I2ov =
(
∫
A2ωAωAωdxdz)2∫
A22ωdxdz
∫
A2ωdxdz
∫
A2ωdxdz
(A.14)
is the nonlinear overlap integral.
A.2 deff not constant, deff(s), no losses
The effective nonlinear coefficient becomes,
deff(s) = d14f(s) = d14
∞∑
l=−∞
Fle
iGls, (A.15)
with
Gl = l
2pi
Λ , Fl =
1
Λ
∫ Λ
0
f(s)e−iGlsds, Λ = piR.
Equation (A.3) becomes,
dA2ω(s)
ds = −i
ω
n2ωc
A2ωd14
∞∑
l=−∞
Fle
i(∆β+Gl)s
= −i ω
n2ωc
A2ωd14
∞∑
l=−∞
Fle
i∆Kls, ∆Kl = ∆β +Gl. (A.16)
Integrating over L,
∫ L
0
dA2ω(s)
ds ds =
∫ L
0
−i ω
n2ωc
A2ωd14
∞∑
l=−∞
Fle
i∆Kls
 ds, (A.17)
A2ω(L) = −i ω
n2ωc
A2ωd14
∞∑
l=−∞
Fl
∫ L
0
ei∆Klsds
= −i ω
n2ωc
A2ωd14
∞∑
l=−∞
Fl
(
ei∆KlL − 1
i∆Kl
)
. (A.18)
Using (A.6) and (A.8),
I2ω(L) =
2ω2d214
n2ωn2ω0c
3 I
2
ω
∣∣∣∣∣∣
∞∑
l=−∞
Fl
ei∆KlL − 1
i∆Kl
∣∣∣∣∣∣
2
, (A.19)
146Appendix A. Conversion efficiency for SHG in waveguides based on QPM
η(L) = P2ω(L)
P 2ω
= 2ω
2d214
n2ωn2ω0c
3 |Iov|2
∣∣∣∣∣∣
∞∑
l=−∞
Fl
ei∆KlL − 1
i∆Kl
∣∣∣∣∣∣
2
. (A.20)
A.3 deff constant, deff(s) = deff, with losses αω and α2ω
In this case Aω(s) is no longer constant, since it is affected by the loss coefficient
αω,
dAω(s)
ds = −
1
2αωAω(s)⇔ Aω(s) = Aω(0)e
− 12αωs = A0ωe−
1
2αωs. (A.21)
The amplitude of the electric field at 2ω is also changed by the presence of the
losses α2ω,
dA2ω(s)
ds = −
1
2α2ωA2ω(s)− i
ω
n2ωc
deffA
2
ω(s)ei∆βs. (A.22)
Replacing (A.21) in (A.22),
dA2ω(s)
ds = −
1
2α2ωA2ω(s)− i
ω
n2ωc
deffA
2
0ωe
(−αω+i∆β)s ⇔ (A.23)
⇔ dA2ω(s)ds +
1
2α2ωA2ω(s) = −i
ω
n2ωc
deffA
2
0ωe
(−αω+i∆β)s (A.24)
Multiplying both sides by e 12α2ωs,
e
1
2α2ωs
dA2ω(s)
ds +
1
2α2ωe
1
2α2ωsA2ω(s) = −i ω
n2ωc
deffA
2
0ωe
( 12α2ω−αω+i∆β)s ⇔
⇔ e 12α2ωsdA2ω(s)ds +
d
ds
(
e
1
2α2ωs
)
A2ω(s) = −i ω
n2ωc
deffA
2
0ωe
( 12α2ω−αω+i∆β)s ⇔
⇔ dds
(
e
1
2α2ωsA2ω(s)
)
= −i ω
n2ωc
deffA
2
0ωe
( 12α2ω−αω+i∆β)s ⇔
⇔
∫ L
0
d
ds
(
e
1
2α2ωsA2ω(s)
)
ds = −i ω
n2ωc
deffA
2
0ω
∫ L
0
e(
1
2α2ω−αω+i∆β)sds⇔
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⇔ e 12α2ωLA2ω(L)− A2ω(0) = −i ω
n2ωc
deffA
2
0ω
 e( 12α2ω−αω+i∆β)s
1
2α2ω − αω + i∆β
L
0
⇔
⇔ e 12α2ωLA2ω(L) = −i ω
n2ωc
deffA
2
0ω
e(
1
2α2ω−αω+i∆β)L − 1
1
2α2ω − αω + i∆β
⇔
⇔ A2ω(L) = −i ω
n2ωc
deffA
2
0ω
e(−αω+i∆β)L − e− 12α2ωL
1
2α2ω − αω + i∆β
. (A.25)
Using A.6 and A.8,
I2ω(L) =
2ω2d2eff
n2ωn2ω0c
3 I
2
0ω
∣∣∣∣∣∣e
(−αω+i∆β)L − e− 12α2ωL
1
2α2ω − αω + i∆β
∣∣∣∣∣∣
2
. (A.26)
The last term of equation A.26 can be simplified,
∣∣∣∣∣∣e
(−αω+i∆β)L − e− 12α2ωL
1
2α2ω − αω + i∆β
∣∣∣∣∣∣
2
=
e(−αω+i∆β)L − e− 12α2ωL
1
2α2ω − αω + i∆β
e(−αω−i∆β)L − e− 12α2ωL
1
2α2ω − αω − i∆β
 =
= e
−2αωL − e(−αω+i∆β− 12α2ω)L − e(− 12α2ω−αω−i∆β)L + e−α2ωL
(∆β)2 +
(
αω − 12α2ω
)2 =
= e−(αω+ 12α2ω)L e
(−αω+ 12α2ω)L − ei∆βL − ei∆βL + e(αω− 12α2ω)L
(∆β)2 +
(
αω − 12α2ω
)2 =
= L2e−(αω+ 12α2ω)L
2 cosh
[
(αω − 12α2ω)L
]
− 2 cos(∆βL)
(∆βL)2 +
[(
αω − 12α2ω
)
L
]2 . (A.27)
Using the trigonometric equivalencies
cos(x) = cos2
(
x
2
)
− sin2
(
x
2
)
= 1− sin2
(
x
2
)
− sin2
(
x
2
)
= 1− 2 sin2
(
x
2
)
,
cosh(x) = cos(ix) = 1− 2 sin2
(
ix
2
)
= 1− 2 sinh
2
(
x
2
)
(−i)2 = 1 + 2 sinh
2
(
x
2
)
,
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we obtain,
∣∣∣∣∣∣e
(−αω+i∆β)L − e− 12α2ωL
1
2α2ω − αω + i∆β
∣∣∣∣∣∣
2
= L2e−(αω+ 12α2ω)L
sin2(∆βL/2) + sinh2
[
(αω − 12α2ω)L/2
]
(∆βL/2)2 +
[(
αω − 12α2ω
)
L/2
]2
(A.28)
The intensity of the electric field at 2ω will be
I2ω(L) =
2ω2d2eff
n2ωn2ω0c
3 I
2
0ωL
2e−(αω+
1
2α2ω)L
sin2(∆βL/2) + sinh2
[
(αω − 12α2ω)L/2
]
(∆βL/2)2 +
[(
αω − 12α2ω
)
L/2
]2 ,
(A.29)
and the nonlinear conversion efficiency,
η(L) = P2ω(L)
P 20ω
= 2ω
2d2eff
n2ωn2ω0c
3 |Iov|2L2e−(αω+
1
2α2ω)L
sin2(∆βL/2) + sinh2
[
(αω − 12α2ω)L/2
]
(∆βL/2)2 +
[(
αω − 12α2ω
)
L/2
]2 .
(A.30)
A.4 deff not constant, deff(s), with losses αω and α2ω
Using A.15, equation A.23 becomes
dA2ω(s)
ds = −
1
2α2ωA2ω(s)− i
ω
n2ωc
A20ωd14
∞∑
l=−∞
Fle
(−αω+i∆Kl)s ⇔ (A.31)
⇔ dA2ω(s)ds +
1
2α2ωA2ω(s) = −i
ω
n2ωc
A20ωd14
∞∑
l=−∞
Fle
(−αω+i∆Kl)s, ∆Kl = ∆β +Gl
Multiply both sides by e 12α2ωs
e
1
2α2ωs
dA2ω(s)
ds +
1
2α2ωe
1
2α2ωsA2ω(s) = −i ω
n2ωc
A20ωd14
∞∑
l=−∞
Fle
( 12α2ω−αω+i∆Kl)s ⇔
⇔ e 12α2ωsdA2ω(s)ds +
d
ds
(
e
1
2α2ωs
)
A2ω(s) = −i ω
n2ωc
A20ωd14
∞∑
l=−∞
Fle
( 12α2ω−αω+i∆Kl)s ⇔
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⇔ dds
(
e
1
2α2ωsA2ω(s)
)
= −i ω
n2ωc
A20ωd14
∞∑
l=−∞
Fle
( 12α2ω−αω+i∆Kl)s ⇔
⇔
∫ L
0
d
ds
(
e
1
2α2ωsA2ω(s)
)
ds = −i ω
n2ωc
A20ωd14
∞∑
l=−∞
Fl
∫ L
0
e(
1
2α2ω−αω+i∆Kl)sds⇔
⇔ e 12α2ωLA2ω(L) = −i ω
n2ωc
A20ωd14
∞∑
l=−∞
Fl
e(
1
2α2ω−αω+i∆Kl)L − 1
1
2α2ω − αω + i∆Kl
⇔
⇔ A2ω(L) = −i ω
n2ωc
A20ωd14e
− 12α2ωL
∞∑
l=−∞
Fl
e(
1
2α2ω−αω+i∆Kl)L − 1
1
2α2ω − αω + i∆Kl
(A.32)
Using A.6 and A.8,
I2ω(L) =
2ω2d214
n2ωn2ω0c
3 I
2
0ωe
−α2ωL
∣∣∣∣∣∣
∞∑
l=−∞
Fl
e(
1
2α2ω−αω+i∆Kl)L − 1
1
2α2ω − αω + i∆Kl
∣∣∣∣∣∣
2
, (A.33)
and the nonlinear conversion efficiency can be calculated,
η(L) = P2ω(L)
P 20ω
= 2ω
2d214
n2ωn2ω0c
3 |Iov|2e−α2ωL
∣∣∣∣∣∣
∞∑
l=−∞
Fl
e(
1
2α2ω−αω+i∆Kl)L − 1
1
2α2ω − αω + i∆Kl
∣∣∣∣∣∣
2
. (A.34)
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B – Internally Pumped Optical
Parametric Oscillator
The snake-shaped waveguide designed above corresponds to the first building block
of a future project: an internally pumped IP-OPO for generation of χ(2) frequency
combs. This project triggered the collaboration with M. de Rosa and S. Wabnitz,
where I provided the phase matching and loss calculations, published in [160,172].
A closed-loop sequence of C-shaped and S-shaped segments becomes a resonator,
exploiting the aforementioned “effective” QPM in a snake waveguide. In a nonlinear
cavity designed for SHG, the generated power can reach a threshold that triggers
cascaded secondary second order interactions that give origin to a frequency comb
around the FF and the SH as in Figure B.1. This gives rise to the generation of
multi-octave optical frequency combs.
Stable and coherent combs can be found for all the consid-
ered resonator configurations, in a wide range of operating con-
ditions (i.e., pump detuning and power). Different dynamic
regimes also emerge that apparently have no stable temporal
patterns and are poorly coherent. Although a thorough analysis
of stability and coherence is beyond of the scope of this work,
the prediction of a high degree of correlation is promising for a
large variety of applications where low phase and amplitude
fluctuations are desirable.
5. CONCLUSIONS
In conclusion, we created a path towards the efficient genera-
tion of quadratic OFCs in resonant-enhanced SHG, by propos-
ing a modular design that extends the applicability of
directional QPM to a wide class of AlGaAs waveguide resona-
tors. Supported by numerical simulations, we predicted the
generation of quadratic frequency combs with pump power
threshold in the milliwatt range, and teeth separation from tens
to hundreds of gigahertz (GHz), more suitable for OFC appli-
cations. Although our simulations do not explicitly include
scattering losses, the values we assume for internal losses are
in line with experimental results obtained for AlGaAs resona-
tors. As stability is a key feature for many applications, we ex-
amined two particular comb configurations corresponding to
stable temporal field patterns, and quantitatively characterized
them through the first-order spectral correlation function,
revealing a high degree of coherence on a time scale of thou-
sands of cavity photon lifetimes. In view of the wide transpar-
ency window of AlGaAs, a dramatic extension of comb
applications can be envisioned, from near- to mid-infrared,
noteworthy for spectroscopy and frequency metrology, with
the unique advantage of multioctave comb emission of quad-
ratic combs [30]. Such small-footprint, low-power, integrable
sources of quadratic combs will also be beneficial in the present
quest for efficient sources of nonclassical states of light.
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Fig. 5. Spectral coherence for the FF comb of Fig. 4(e). (a) Multiple
sets of the first-order correlation function, corresponding to delay
times up to 1 μs, are plotted as a function of wavelength. (b) First-
order correlation function as a function of delay time for eleven
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Figure B.1: a) FF and b) SH optical frequency combs in a IP-OPO (Source [160])
The properties of this resonator were described in Ref. [160]. A possible configu-
ration is represented in Figure B.2b and its change in the deff vs propagated distance
s in d. In the case of a < 100 > oriented waveguide, the deff oscillates once before
changing sign in the C-shaped segments and twice in the S-shaped segments.
The nonlinear interactions occurring in the IP-OPO are SHG and OPO and are
described by the equations [160]
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Figure B.2: a) Ring resonator, b) example of waveguide microresonator design for effective QPM, c)
deff of a ring resonator vs s d) deff of a waveguide microresonator vs s (Source [160])
dAω
ds = −
−αω
2 Aω − iκdeff(s)A
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ωA2ωe
−i∆ks, (B.1)
dA2ω
ds = −
−α2ω
2 A2ω − iκdeff(s)
(1
2A
2
ωe
i∆ks + AsAiei∆Ks
)
, (B.2)
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∗
s,iA2ωe
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where Aω, A2ω are the FF and SH field amplitudes, As,i are the parametric, signal
and idler, fields, αj the loss coefficients, ∆k = k2ω − 2kω, ∆K = k2ω − ki − ks and
κ = (d14/c)
√
2ω2/n2ωn2ω. The power threshold is obtained by solving iteratively the
equations above for the field amplitudes until the steady-state is reached. The power
threshold as a function of the resonator length is shown in Figure B.3 of only a few
µW, at the level of the state of the art for a χ(2) comb, recently achieved in Si3N4
microrings [161]. Depending on the length of the resonator, we may obtain a FSR of
10-1000 GHz, with spectra reaching the large span of 5 THz, with possible applications
in spectroscopy, telecom and frequency metrology.
from the FF, the effects of the detuning are negligible when the
FF is resonant (Δ1  0). In fact, one has that the normalized
detuning Δs;i∕γ < 0.1, which essentially leads to the same
cavity power enhancement at the resonance. With these con-
ditions, we estimated the IP-OPO power threshold for different
values of the internal power loss and of the power transmission
coefficients θj.
Figure 3 shows the calculated IP-OPO pump power thresh-
old as a function of the resonator length for different values of
internal losses and transmission coefficients θ. For the sake of
simplicity, here we assume θj  θ (practically feasible consider-
ing a coupling bus waveguide for each spectral region, around FF
and SH); however, we obtained similar results also assuming
spectrally dependent coupling coefficients [21]. We assumed
global internal losses of 0.5, 1, and 2 dB∕cm, which are
close to losses experimentally observed in AlGaAs resonators
[17,18]. In the absence of internal losses, the OPO threshold
would decrease monotonically with increasing round-trip path.
Conversely, finite internal losses lead to an optimal round-trip
length. For 0.5 dB∕cm of internal losses and θ  0.04
(Q  5.4 × 105), the lowest pump power threshold is
around 4 μW, with an optimal round-trip length of 3.3 mm,
dropping down to 2 μW for θ  0.02 and L  1.8 mm
(Q  5.6 × 105). For longer cavity lengths the OPO threshold
increases again, remaining, however, well below 1 mW up to
2 dB∕cm of internal losses and for several millimeters of length.
More generally, it is possible to optimize theOPO threshold for a
wide range of round-trip lengths, from 250 μm to several milli-
meters (mm), by suitably designing the in/out coupling
port parameters. The optimization of the OPO threshold
guarantees the highest conversion efficiency in the cascade of
multiple nonlinear generations, eventually leading to comb for-
mation with a minimum expected teeth spacing approximately
equal to the resonator free spectral range, FSR  c∕n1L.
A direct, though partial, comparison can be made with the
recent, milliwatt-level, third-order nonlinear comb generation
in high-quality AlGaAs microresonators [18]. Quadratic combs
allow for significantly lower threshold, with a simultaneous
generation of equally spaced lines at both the FF and SH.
We also numerically simulated the spectral dynamics of fre-
quency comb generation by solving the infinite-dimensional
map for the field envelopes centered around the FF and SH,
which, different from Eq. (1), is not restrained to four modes,
and can suitably describe the full comb dynamics [5,28].
In particular, the effects of both material and geometric
dispersion have been included in the simulation. Figure 4
shows two examples of the resulting intracavity comb genera-
tion, obtained for a resonant structure with a length of 1.8 mm,
α  1 dB∕cm, θ1  θ2  0.02, pumped by 1 mW of infrared
power. For each spectrum, the comb line power is normalized
with respect to the highest (FF and SH) tooth. The two exam-
ples have different pump detunings with respect to the nearest
resonance: Δ1  0, in Figs. 4(a)–4(c), and Δ1  −0.8 γ1, in
Figs. 4(d)–4(f ), while SH is always on-resonance. A common
feature to both examples is that, after a transient regime of a few
thousand multiples of the round-trip time (tR  11.3 ps), the
temporal patterns at the FF (solid) and SH (dashed) become
stable, i.e., they maintain the same shape over thousands tR ,
except for a small drift in the frame of reference moving at
the group velocity of the FF. The major difference between
the two cases is in the periodicity of patterns: in the pump-
detuned case, Fig. 4(d), there is a single pulse per cavity round
trip on a continuous background, whereas for a resonant pump
the pattern repeats itself twice in a round trip, Fig. 4(a).
Consequently, the corresponding combs have teeth separations
of one and two FSRs, respectively.
We also analyzed the coherence of the simulated combs by
calculating the first-order correlation [29],
g1m; λ  jhE˜
tn; λE˜tn	m; λij
hjE˜tn; λj2i
: (2)
Here, E˜tn; λ is the Fourier transform of the intracavity com-
plex field, calculated atmultiples of the round-trip time t j  jtR ,
with j an integer number, and the angle brackets denote an en-
semble average. Figure 5(a) shows the degree of correlation,
Eq. (2), as a function of wavelength, for different delay times
up to 1 μs. The data have been calculated for the FF comb
in the pump-detuned case. We observe that the comb has an
almost perfect coherence and g 1m; λ ≃ 1 all over the wave-
length range where comb lines emerge from the background
noise set by numerical accuracy (corresponding to a normalized
power level of about −300 dB). The effect of numerical noise is
barely visible for the weaker lines in the wings of the comb.
Figure 5(b) shows the first-order correlation as a function of de-
lay time, over more than 2700 times the cavity photon lifetime
(0.37 ns), which defines the cavity dynamics time scale. Similar
results have been found also for the SH.
(a)
(b)
Fig. 3. Internally pumped OPO power threshold (circles) versus res-
onator length, for different values of internal losses and two power
transmission coefficients: (a) θ  0.02, (b) θ  0.04. The corre-
sponding free spectral range scale is reported on the top axis.
Dashed lines are given as guides to the eye.
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Figure B.3: Power Threshold as a function of resonator lengt (Sou [160]) for a power transmission
at the input of 40%
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Sujet : Photonique non-linéaire AlGaAs intégrée à haut
contraste
Résumé : Cette thèse expérimentale se porte sur la photonique non-linéaire intégrée à
haut contraste d’indice, avec un focus sur la micro e nano-fabrication. Mon objectif princi-
pal est d’évaluer le potentiel de la plateforme AlGaAs monolithique pour les challenges de
la photonique du 21ème siècle, par rapport à d’autres solutions hybrides. Puisque le haut
contraste d’indice requiert un milieu de guidage avec un indice de réfraction beaucoup plus
élevé que celui de la gaine, nous avons recours à des structures en AlGaAs (n ≈ 3) soit
suspendues dans l’air (n = 1), soit reposant sur AlOx (n ≈ 1.6).
Dans ce contexte, j’ai observé la génération de deuxième harmonique (SHG) à 1.55 µm
dans deux familles de dispositifs suspendus en AlGaAs que j’ai conçus et fabriqués : mi-
crodisques et nanofils.
Pour les premiers, l’efficacité de SHG mesurée de 2.8 × 10−4 %W-1, est inférieure à celle
obtenue pour la génération de disques précédente, malgré des facteurs de qualité deux fois
plus élevés. Ce résultat démontre que l’on n’exploite pas pleinement le potentiel de nos
cavités à mode de galerie doublement résonantes pour hausser l’interaction non-linéaire,
d’où la nécessité d’une optimisation du dispositif après sa fabrication.
Dans le cas des nanofils, l’efficacité de SHG est de 1.2 %W-1 pour un guide d’onde ser-
pent avec une nouvelle forme de double-quasi-accord de phase, et de 2.7 %W-1 pour son
homologue droit, comparable à de l’état de l’art pour la SHG dans la bande C télécom.
La fragilité de ces structures suspendues et leur faible évacuation thermique, ce qui ne per-
met q’une opération à basse puissance, nous a conduit à explorer la plateforme AlGaAs-
sur-AlOx. Nous avons alors conçu et fabriqué des dispositifs peu profonds en AlGaAs pour
le mélange à quatre ondes. Leurs facteurs Q relativement faibles et la non-reproductibilité
des résultats expérimentaux sont attribués aux défauts de l’interface AlGaAs/AlOx intro-
duits par l’oxidation de l’AlAs, obtenu avec épitaxie par faisceau moléculaire.
La plateforme monolithique AlGaAs-sur-AlOx constitue une solution idéale pour la
nanophotonique à sub-longeur d’onde (ou les pertes par propagation et les facteurs Q
ne sont pas un enjeu), mais nous suggérons que les futurs guides d’ondes et les microcav-
ités à haut-Q et haut contraste en AlGaAs soient fabriquées par liaison des couches, en
substituant l’oxydation de l’AlAs par une déposition de SiO2.
Mots clés : optique non-linéaire, AlGaAs, photonique, guides d’onde, résonateurs WGM,
nano-fabrication.
Subject : High-contrast AlGaAs nonlinear integrated
photonics
Abstract: This experimental thesis deals with high-index-contrast integrated nonlinear
photonics, with a focus on micro- and nano-fabrication. My main objective is to assess
the potential of the monolithic AlGaAs platform for the challenges of the 21st-century
photonics, with respect to alternative hybrid solutions. Since high index contrast requires
a guiding medium with a much higher refractive index than the cladding, we resort to
AlGaAs structures (n ≈ 3) either suspended in air (n = 1) or sitting on AlOx (n ≈ 1.6).
In this context, I observed the second harmonic generation (SHG) at 1.55 µm in two
families of suspended AlGaAs devices that I designed and fabricated: microdisks and
nanowires.
In the former, the measured SHG efficiency of 2.8× 10−4 %W-1 was smaller than the one
obtained in a previous generation of disks, despite a twofold increase of the Q factors.
This result shows that we are not fully exploiting the potential of our doubly resonant
whispering-gallery-mode cavity to enhance the nonlinear interaction, and thus the need of
post-processing device optimization.
In the case of the nanowires, the SHG efficiency was 1.2 %W-1 for a snake waveguide
exhibiting a novel form of dual quasi-phase matching, and 2.7 %W-1 for its straight coun-
terpart, comparable to state-of-the-art SHG in the telecom C band.
The fragility of these suspended structures and their poor thermal evacuation, which only
allows low-power operation, led us to explore also the AlGaAs-on-AlOx platform. We
therefore designed and fabricated AlGaAs shallow microrings for four-wave mixing. Their
relatively low Q factors, as well as the non-reproducibility of the experimental results
are ascribed to the defects at the AlGaAs/AlOx interface induced by the oxidation of
MBE-grown AlAs.
While monolithic AlGaAs-on-AlOx constitutes an ideal platform for subwavelength
nanophotonics (where propagation losses and Q factors are not an issue), we suggest that
future AlGaAs high-contrast waveguides and high-Q microcavities might be fabricated by
wafer bonding, substituting AlAs oxidation with SiO2 deposition.
Keywords : nonlinear optics, AlGaAs, photonics, waveguides, WGM resonators, nanofab-
rication.
